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CATALYTIC COMBUSTION IN SOLVING THE ENVIRONMENTAL
AND ENERGY PROBLEMS

V.N. Parmon, Z.R. Ismagilov, V.A. Kirillov, A.D. Simonov

Boreskov Institute of Catalysis, Novosibirsk 630090, Russia
e-mail: parmon@catalysis.nsk.su

The presentation is devoted to the recent developments of the Boreskov Institute of Ca-
talysis in the field of small and medium autonomous energetics. Under discussion are com-
mercial boilers and heat producing installations which are operating on the basis of
environmentally benign catalytic combustion of various gaseous, liquid and solid fuels.

An important advantage of these systems is their environmental purity, small geometric
size as well as high energy converting efficiency. In addition, the heat generating installations
which are based on the reactors with the fluidized catalyst bed have appeared to be able to
utilize practically any kinds of available fuels, like natural gas, diesel fuel, crude oil, low
quality coals and even wet sludges and sewages as well as biomass (wood chips, peat, rice

husk, etc.).
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CATALYTIC MICROREACTORS

Allsert Renken

Laboratory of Chemical Reaction Engineering (LGRC)
Swiss Federal Institute of Technology (EPFL), CH-1015, Lausanne, Switzerland
Phone: +41-21-693 31 81, Fax:+41-21-693 31 81; e-mail: albert.renken®epfl.ch

New process routes must consider a high efficient use of materials and energy. Chemicals
have to be produced with high selectivity thus minimizing the formation of by-products. Fur-
thermore, the reactor volumes should be small and the whole process should be inherently
safe. Such processes require new types of chemical reactors. The solution to some of the
mentioned challenges might lie in the use of microreactors [1]. The majority of today’s micro-
reactor/heat exchanger consists of many parallel channels with typical width of 50 to 500 um.
The wall-thickness of the microchannels can be kept very thin and lies in the range of 20 to
200 pm depending on the material used. As a result of the small dimensions heat transfer co-
efficient in the order of 25 kW/(mz-K) can be obtained [2], exceeding those of conventional
devices by more than one order of magnitude. As a consequence of the small channel dimen-
sions extremely high surface to volume ratios in the order of 10°000 to 50°000 m%m" can be
realized. The high exchange capacity guarantees isothermal reactor operation even for fast
exothermic or endothermic reactions.

A further advantage of the microchannels concerns the short radial diffusion time leading
to high radial mass transfer. Although the flow in the channels is laminar, a uniform radial
concentration profile and consequently a narrow residence time distribution is obtained [3].
This allows to optimise the contact time in the reactor and to avoid consecutive reactions.
Narrow residence time distribution and low inventory allow to operate microreactors under
forced periodic concentration variations at high frequencies of up to 1 Hz [3], thus adding
another possibility for process optimisation [4, 5].

The fast heating and cooling capacity of microreactors and the isothermal behaviour pre-
sent further advantages for process optimisation {6, 7]. This was demonstrated for the cata-
Iytic dehydration of methanol to formaldehyde, where temperature gradients of up to 6’400
K/s could be realized, leading to an efficient freezing of consecutive decomposition reactions
[8].

Microsystems for the use in chemical reaction engineering was mainly developed within
the last 5-6 years. In consequence, the potential benefits of this new technology is by far not

known. It is evident that catalytic microreactor are a powerful tool for studying the kinetics of
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fast complex reactions. In addition, the microreactor concept allows to extend significantly

the temperature and concentration range compared to conventional reactors. Therefore, micro-

reactors are beneficial for an efficient process intensification and should be considered for the

design of flexible, inherently safe small-scale reaction units.
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FLOW MAPING AND MODELING OF LIQUID-SOLID RISERS

M.P. Dudukevi¢, Shantanu Roy* and M.H. Al-Dahhan

Chemical Reaction Engineering Laboratory Washington University St. Louis,
M@ 63130, USA
*Current Address: Process Engineering and Modeling, Corning Incorporated,
SPTD 01 2, Corning, NY 14831, USA.

Multiphase reactors are prevalent in the chemical, petroleum and associated process in-
dustries. Proper reactor selection determines the features and costs of the whole plant. Envi-
ronmental considerations play an ever increasing role in selection of process chemistry which
in turn must be matched by an appropriate reactor type. The old fashioned approach of con-
ducting the reaction on a multitude of reactor scales is increasingly replaced by a more sys-
tematic systems approach. In it one attempts to develop reactor models that isolate the key
features of the multiphase flow pattern, measure the relevant physical quantities, and model
them with suitable accuracy. Only with well-understood flow field information can an accu-
rate kinetic model describing the reaction chemistry produce meaningful predictions of reac-
tor performance. (Villermaux, 1993; Krishna and Sie, 1994; Lerou and Ng, 1996; Dudukovié
etal., 1999).

It should be noted that it is the desire to establish clean and safe, environmentally accept-
able process that leads us to novel chemistries and reactors. For example, the push for re-
placement of liquid catalysts like HF and sulfuric acid in alkylation processes has resulted in
the development of solid acid catalysts which in turn require novel multiphase reactors. In this
contribution, we present the case of the riser in a liquid-solid circulating fluidized bed system.
These systems are rapidly gaining popularity as reactors of choice in a variety of industrial
processes like alkylation reactions, synthesis of fine chemicals, petrochemicals and in petro-
leum refining (Gibilaro et al., 1988; Liang et al., 1995). The process requirements that moti-
Véte the use of such reactors is the presence of a liquid phase reactant, which is typically a
hydrocarbon under high pressure and low temperature (Thomas, 1970), and a solid phase
catalyst which gets deactivated rapidly (Corma and Martinez, 1993). The principal reaction is
accomplished in a vertical riser column of high L/D ratio (in which the solids are fluidized
and transported by the liquid phase). Regeneration of the deactivated catalyst is done in a
separate vessel, which is coupled to the principal reaction in the riser by circulating the solids
continuously in a closed loop. Very little is known about the flow patterns in the riser, which

are highly turbulent, chaotic and contain a high volume fraction of solids. A detailed experi-
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mental and theoretical study of their behavior, as well as an assessment of their performance
as reactors, is clearly of prime importance.

This contribution describes three areas of importance in reaction engineering of liquid-
solid risers. First, the principal results from a extensive experimental program dedicated to
studies of the flow pattern in a laboratory scale cold-flow unit are presented. The unit was a 6-
inch diameter, 7 feet tall cylindrical liquid-solid riser. The solid phase inventory was around
100 lbs. of 2.5-mm glass particles, and liquid flow rates from 44 gpm to 67 gpm were studied
under varying solids-to-liquid flow ratios (variable inventory operation). All experiments
were performed using non-invasive gamma radiation based techniques, since it is impossible
to use other means to noninvasively probe into these dense systems.

As part of the experimental program, a method was developed for accurate in situ meas-
urement of the solids flow rates, which enabled accurate experimental investigation at vari-
able solids and liquid tlow rates. Gamma radiation based transmission computed tomography
(CT) was used to measure the time-averaged cross-sectional solids volume fraction distribu-
tion at various riser elevations as a function of operating conditions. The solids velocity field
was studied using the Computer Autormnated Radioactive Particle Tracking (CARPT) tech-
nique, by labeling a single solid particle with radicactive Sc-46 and monitoring its motion in
the riser over a long time. Ensemble averaging of the collected Lagrangian data provided in-
formation on mean velocity fields, RMS velocities and iturbulencel in the particle assembly,
as a function of operating conditions. Lagrangian analysis of the data provided information
about the eddy diffusivities, the residence time distribution of the solids in the riser section,
trajectory length distributions, mixing indices, the degree of randomness in the solids motion
(Hurst exponents) and information on internal circulation patterns (return length and circula-
tion time distributions).

In parailel with the experimental effort, numerical simulation of the flow pattern in the
laboratory riser was attempted using computational fluid dynamics (CFD) techniques. A
"twofluid" approach (Sinclair and Jackson, 1989; Ding and Gidaspow, 1990) was adopted,
and both solid and liquid phases were modeled as interpenetrating continua. The coupling
between the mean velocity fields of the solid and liquid phases is affected through a drag co-
efficient, modified for presence of finite volume fractions. Momentum transfer through solid-
solid collisions is modeled by writing a balance equation for the pseudo-thermal granular
temperature of the solid phase, accounting for presence of the continuous liquid phase.

The boundary condition for the solids at the wall is obtained via a modified Johnson-

Jackson (1987) approach. Continuum liquid phase turbulence is modeled using a
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k-(formulation, modified for presence of the dispersed solid phase (Elgobashi and Abou-Arab,

1983). The simulations are performed in two-dimensional axisymmetric and three-
dimensional geometries, using the FLUENT library of codes. The predictions were compared
against the results from the experiments on the laboratory scale riser. The flow pattern simu-
lations were utilized to predict residence time distributions of the phases by simulating the
transport of an inert tracer tagging the phases. ‘

Finally, the key findings from the detailed experimental and numerical fluid dynamics ef-
forts were used as inputs in phenomenological reaction engineering models, of varying levels
of sophistication, for reactor performance prediction. It is shown that these models are com-
putationally less involved as compared to transient CFD methods, but when provided with ac-
curate parameters they can be used for making optimal choices of feed ratios, location of feed

points, and other variables of interest to the practicing engineer.
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RENEWABLE FUELS AND CHEMICALS BY THERMAL
PROCESSING OF BIOMASS
A.V. Bridgwater

Bio-Energy Research Group, Aston Uniﬁersity, Birmingham B4 7ET, UK

Biomass and wastes offer significant potential for greenhouse gas mitigation through
conversion to electricity, heat and chemicals and avoiding use of fossil fuels. Conversion can
be achieved by thermal and biological routes to give a range of gaseous, liquid and solid
products. This paper reviews the processes and products, and focuses on thermal processes as
cost effective and energetically efficient routes to meeting the increasing demands for more

environmentally acceptable products.

Gasification, pyrolysis and liquefaction are thermochemical processes that can convert
solid biomass and wastes into gaseous or liquid products. Biomass gasification is the more
established teéhnolOgy. Commercial reactors are now available and development effort is
concentrated on integration into systems that can generate electricity from wood. Several
substantial projects are underway to demonstrate electricity generation in Europe and the
USA. "High temperature pyrolysis has been extensively developed for waste ’processing but

there are currently few commercial applications.

Fast pyrolysis for production of liquids from biomass is a lower temperature process that
has been in development since 1980. Liquid yields of 75% are typically achieved from
wood. This process has the unique advantage of delivering liquid product that can be stored
and transported. One process has now achieved commercialisation for speciality chemicals
and several more are at pilot and demonstration stage. Commercial operation is anticipated in

several years time.

Although liquefaction wasone of the earliest processes to:-be demonstrated in the early
1980s, technical and economic problems inhibited further development. There is now a re-
newed interest in this process as a means of utilising wet material and delivering a liquid

product.
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REGENERATIVE & REACTIVE MANIPULATION OF TEMPERATURE &
CONCENTRATION PROFILES IN CHEMICAL REACTORS

Department of Chemical Engineering, University of Dortmund
Emil-Figge-Str. 66, 44227 Dertmund, Germany
Tel.: +49 231755 2697, Fax: +49 231 755 2698, E-mail: agar@ct.uni-dertmund.de

The performance of chemical reactors  dictated by the cumulative impact of the local
conditions of concentration, temperature and catalytic activity under which the reaction takes
place. In the simplest case of an adiabatic fixed-bed reactor one is dealing with a uniform ac-
tivity profile and rigidly coupled temperature and concentrations. Reactor output can thus
only be adjusted using the residence time. Appropriate structuring of the catalytic activity
along the reactor is a powerful but inflexible means of controlling the course of the reaction
process. Manipulation of temperature and concentration prefiles by the introduction / removal
of heat / components of the reaction system is thus usually the of technique of choice. The
processes employed can be classified as being either:

1. convective (direct addition or withdrawal via sidestream(s))

2. recuperative (spatial segregation of reactor volume from material/heat sink/source)

3. regenerative (chronological segregation of reaction volume from material/heat

sink/source)

4. reactive (supplementary reaction system serves as material/heat source/sink)

The first two alternatives are much more commonly encountered in industrial practice,
for exarple in the imposition of an expedient temperature profile by means of ‘cold-shot’ or
multitubular reactors, than are the regenerative or reactive options. It is illuminating both to

consider why this is the case and to examine the particular merits of the neglected variants.

The consideration of three endothermic, heterogeneously catalysed, high temperature re-
action systems - the dehydrogenation of ethylbenzene at around 600°C, steam reforming of
hydrocarbons at 800°C and the synthesis of hydrogen cyanide frem methane and ammonia at
1200°C — suggest that the decision as to which of the four processes be used to supply the
heat required is by no means straightforward. For example, most hydrogen cyanide is manu-
factured using the reactive alternative in the Andrussow process, but a recuperative process -

the BMA technology — is also still industrially relevant.

14



An analysis of the HCN synthesis suggests that the regenerative option deserves fgritzlesr
attention, since it incorporates the benefits of the alternatives without their major drawbacks
[1]. The direct reactive combination of the actual endothermic synthesis reaction (CHy + NH3
— HCN + 3 H, AHg = +256 kJ) with the exothermic combustion of the hydrogen by-product
(3 H, +1.5 0, > 3 HO AHg = -726 KJ) as practised in the Andrussow process leads to a
simple reactor with high thermal efficiencies, but suffers from poor yields owing to the loss of
feedstocks in unwanted oxidative side-reactions. The high temperature recuperative heat
change of the BMA process utilises only about half of the energy in the heating medium and
necessitates a fragile ceramic reactor construction with special catalytic surfaces. A regenera-
tive coupling of the two reactions, in which a catalyst bed is periddically heated with com-
bustion gases to store the heat required in a subsequent synthesis phase permits one, in
principle, to achieve the high yields and hydrogen cyanide concentrations of the BMA process

in a much simpler and more robust reactor.

Numerical simulation of the regenerative reactor for hydrogen cyanide synthesis demon-
strated that it would be necessary to use monolithic catalysts to deal with the high heating gas
throughputs needed for reasonable cycle times. so, the limited heat storage capacity of
the catalyst together with the inefficient utilisation of the heat stored due to formation of a
pronounced ‘cold spot’, mean that the cycle times of around 4 minutes are at the lower end of

what would be considered industrially feasible.

The exploitation of regenerative heat exchange in chemical reactors is, of course, hardly
new. The pioneering work of Matros and coworkers on the use of reverse flow reactors
exothermic reactions with ‘cold’ lean feeds together with the industrial application of such re-
actors for catalytic waste gas treatment illustrate the potential available. The extension to en-
dothermic reactions has proved illusive however {2] with the temperature profile needed for
efficient heat recovery often resulting in undesirable side-reactions, such as polymerisation,

coke formation or the reverse reaction in equilibrium systems.

The enhancement of the heat storage capacity to extend cycle duration would greatly ex-
pand the horizons of regenerative processes. The use of fusion latent heat effects has already
been proposed for this purpose. A further possibility is to utilise the heat effects asysocia’ted
with adsorption, by using the heat liberated by ads'i)rption of a reaction product to the

heat demands of a dehydrogenation, for example [3].
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 When usxng regeneratrve adsorptive processes to modify reactor concentration. profiles
the expedient realisation of the desorption process often poses greater difficulties than the in-
tegration of the adsorptlve separation step into the reactor An example of is prov1ded by the
“single-stage adsorptxve Claus process, in which the wa_ter formed in the react10n.(2 H,S +80,
<> 3/8 Sy + 2H20) is adsorbed‘on 3A zeolite incorporated in the catalytic fixed bed [1]. The
“adsorption of this ‘by-productoffers both a more effective means of displacing the equilibrium
than the conventional interstage sulphur removal and, together yvith ‘reve’rs’eﬂ(')w operation,‘

permits a simple tandem regeneration process.

‘Should no suitable adsorbent be available for a reacting component under reaction condi- -

' tions,r one can-introduce acoupled reaction to redeﬁne the separation problem in a more ac-
cessible form. This technique can be illustrated using the reverse hydrolysis reaction for
producing hydrogen cyanide from carbon monoxide and ammonia. Whilst there are no suit-
able adsorbents for the water vapour formed at the prevalhng reactlon temperatures of 400-
| SOOOC the inclusion of the water gas shlft reaction by modrfymg catalytxc act1v1ty enab[es one
to adsorb the carbon dioxide formed i in this secondary reaction to achleve the same effect.
Problems w1th maintaining catalytic act1v1ty under strongly reducmg condltlons have so far

) 1mpeded the developmcnt of this concept

The direct integration of coupled secondary reactions to manipulate concentration and
temperature profiles is an extremelycha’ll’enging task as it is seldom possible to suppress un-
wanted chemical interactions. Even with reactive-recuperative techniques, in which the two
thermally coupled reaction systems are spatially segregated by a catalytically active heat ex-

change surface, it is difficult to ensure that rea‘ctions take place at compatible locations [5].

" The nse of such hybrid processes exploiting tvyo or more of the four fundamental options
~ represents a logical and promising extension of the concept, as does the simultaneous ma-
nipulation of conceniration and temperature profiles, in the regeneratxve unsteady -state Dea—
con process for hydrogen chloride oxidation, for example [6] Measures for localising
“individual functlonahtles and 1nten51fy1ng recuperatlve processes w1thm the reactor can simi-

larly be employed to advantage

- {11 Chem.Engng.Sei. 24_(1999):‘1-2994305 i v [4] Dxploma Thesis; Umverslty of Dortmund Apni 2001

[2] Chem.Engng.Sci. 49(1 994):5585—5601 [5] Chem.Engng.S¢i.55(2000): 5945 5967
[3] Chem.Engng.Sci. 53(19989.651-656 [6] R’97 Proceedings, February 1997 Geneva VL45-VL50
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REACTION KINETICS ~ BASIS FOR MODELLING OF CATALYTIC PROCESSES

Mikhail G. Slin’ko and Dmitry Yu. Murzin*

Karpov Institute of Physical Chemistry, Moscow, 103064, Russia
*Laboratory of Indusirial Chemistry, Process Chemistry Group, Abe Akademi,
Biskopsgatan 8, FIN-20500, Turku/Abo, Finland
ph: +358 2215 4985, fax: +358 2215 4479, e-mail: dmurzin@abo.fi

Introduction

Heterogeneous catalytic reactions constitute around 90% of all processes in chemical in-

dustry.

Physico-chemical understanding of catalytic processes is thus essential for the proper

reactor modelling. According to the very definition of catalysis it is a kinetic process, and thus

reliable kinetic models, which describe the rate of catalytic reactions, are of vital importance

for solving applied problems in mathematical modelling, design and intensification of chemi-

cal processes. The necessity of kinetic investigations in heterogeneous catalysis is closely

connected to the tasks, which a chemical engineer has to deal with, e.g.

Catalyst selection, comparison of activity and selectivity as well as long-term stability
in the conditions which are optimal for each catalyst

Estimation of the required amount of catalyst to meet specified conversion and selec-
tivity

Determination of all the possible by-products

Calculation of the needed amount of heat to be provided to the catalytic reactor (or
withdrawn from it) in order to have an optimal regime depending on conversion
Investigation of the impact of heat and mass transfer processes on catalytic reaction,
and based on it selection of the optimal pore structure, geometrical shape and size of
catalysts

Selection of the reactor type and the structure of reaction unit, which provides the

closest approach to the optimum conditions

Construction of bifurcation diagrams and determination of the steady-state multiplicity
and stability, as well as parametric sensitivity and the impact of fluctuations on the
steady-state regime

Investigation of the feasibility of running a process in dynamic non-stationary condi-
tions

Determination of start-up/ shut down and transient regimes of catalytic reactors

18



e Characterization of catalyst deactivatien

e Combination of catalytic processes with separation process, e.g. reactive (catalytic)
distillation, multifunctional reactors, etc.
Analysis of catalytic reactions, processes, reactors and reactor units based on non-

linear dynamics

Physico-chemical basis for kinetic studies in catalysis

Any reactor design is thus starts from reactions kinetics and, therefore from the reaction
mechanism, which means understanding of the reaction on the molecular level.

The most often used approach in the present day kinetic research in heterogeneous cataly-
sis is by no means the Langmuir model of uniform surfaces. This concept applies, that all the
surface sites are identical and binding energies of the reactants are the same independent
the surface coverage. However, the model of an ideal adsorbed layer disagrees with a number
of experimental data. Thus, differential heat of adsorption is not constant as a rule but de-
creases with surface ceverage; and rate of adsorption and adsorption equilibrium are not de-
scribed by the Langmuir equation or the Langmuir isotherm correspondingly. In several
the kinetics of catalytic reactions disagrees with the equations obtained on the basis of the
model of ideal adsorbed layers. For example, kinetics of ammonia synthesis obeys well-
known Temkin-Pyzhev equation (e.g. kinetics for nonuniform surfaces). Adsorbed molecules
not only participate in the surface reactions, but also change the structure and catalytic prop-
erties of the solids; therefore, the rates of elementary reactions depend on the spatial arrange-
ment of atoms and molecules on the surface, their neighbours and the spatial arrangement of
catalyst atoms. Hence, it is not enough to study heterogeneous catalytic reactions only by ki-
netic methods, but various physico-chemical methods (TPD, FTIR, LEED, HREELS, etc.)
should be applied as well, providing the possibility to extract information about the elemen-

tary steps, which constitute a reaction mechanism.

Nonstationary kinetics

In chemical industry the majority of processes are conducted in stationary conditions.
Therefore, it is not surprising that the steady-state kinetics is mainly studied. In the steady-
state the surface concentration of reactants is time independent. Investigation of reaction ki-
netics in gradientless reactors further simplifies the experimental routine. The main drawback
of kinetic models, based only on steady-state data, is associated with the fact, that start-up and

transient regimes cannot be reliably modelled. Kinetic models for nonstationary conditions
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are applied also for the processes in fluidised beds, reactions in riser (reactor) — regenerator
units with catalyst circulation, as well as for various environmental applications of heteroge-
neous catalysis, when the compositioh of the gas to be treated changes permanently.

Understanding - of - nonlinear  behaviour in nonideal adsorbed layers (oscillations,
autowaves, fermation of dissipative structures and deterministic chaos) can be achieved only
on the basis of kinetic models for nonstationary conditions.

It is important to mention that deactivation is also an nonstationary process, however, in
many cases dynamic kinetic models, which include deactivation as well are nonexistent. In
fact reactor design should be arranged in a way, that provides the optimum of predefined pa-
rameters (accumulated yield, etc.) during the whole catalyst life-time, thus including model-

ling of deactivation.

Complex reactions

Historically the theory of catalytic kinetics was developed based on large-scale processes,
like ammonia and methanol synthesis, production of sulphuric acid. More recently heteroge-
neous catalysis started to be widely used in the field of so-called classical organic chemistry,
e.g. for the production of fine chemicals. However, in the fine chemicals applications, despite
the increasing significance of heterogeneous catalysis in this area, kinetic studies are rather
sparse. It can be understood, bearing in mind, that research in fine chemicals synthesis was
and still is dominated (in major part) by pure organic chemists. One of the most important re-
quirements for heterogeneous catalytic reactions in fine chemicals applications is proper se-
lectivity, which in broad sense should be understood as chemo-, regio- and enantioselectivity.
Kinetic analysis of complex reaction schemes, where the proper selectivity dependence is the
key point of analysis, is still more an exception, than a rule.

The main objective is to bridge the knowledge of chemical reaction engineering of het-
erogeneous catalytic reactions to organic chemistry; in particular stereochemical and enantio-

selective reactions.

Case studies
In the lecture the concept "from reaction mechanism and kinetics to reactor design" will

be illustrated by several examples.
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PROCESS DEVELOPMENT IN THE FINE CHEMICAL INDUSTRY
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Figure 1. Workflow and tasks for the development of a fine chemical manufacturing process.

The tasks in the process development are executed more or less in parallel in different parts of
the development organisation and efficient information generation and exchange and technol-
ogy transfer are of the greatest importance.

The main activities in the cenceptual chemical phase are the identification of different
chemical routes and the generation of alternative chemical synthesis pathways and process
schemes. Relevant routes are evaluated experimentally and preliminary cost estimations are
performed to select the best alternative for further development

In the conceptual process development phase, which is iteratively linked to the chemical de-
velopment phase, the process concept for the selected chemical route is evaluated, mass bal-
ances, preliminary heat balances and basic recipes are generated for the process. Block
diagrams and preliminary flowsheets are produced and the process is implemented to the ex-
isting production facility or a new production line is designed. In this procedure, short-cut
models for the reactions and separations are used. This phase also involves an introductory
safety evaluation of the process. A preliminary scheduling of the operation steps is performed
and Gantt charts are generated to characterize interrelated time dependent operations and to
identify process’s bottlenecks. The production capacity is calculated and basic cost estimation
-is.performed te obtain the feasibility of the process. This is the major decision point in the
continuation of the development of the process.

The chemical development, process development and process engineering phases proceed
both consecutively and parallel. In the unit process and equipment levels, the reactions and
separations of the process are studied more thoroughly in laboratory and bench-scale by the
chemists. Reaction enthalpies are estimated or measured with reaction calorimetry. The ther-
mal stabilities of raw materials, products and other process streams, especially distillation
residues are determined. Dynamic mechanistic reactor models and dynamic separations mod-
els (i.e. batch distillation models) are developed for scale-up in co-operation with chemists
and chemical engineers. Kinetic models are derived or extracted from existing model library.
Mass- and heat balances for the reactor configurations are generated and reaction kinetics is
included in the balance models. Mass transfer and heat transfer correlations are introduced
into the reactor models as needed. Systematic experimental planning is utilized in experi-
mentation to improve the identifiability of the kinetic and transfer parameters. Dynamic mass
and heat balances of the whole process and single process units are scaled-up to designed
plant capacity. Production recipes are updated and scheduling of the operation steps and
equipment utilization within operation steps are carried out. Control systems are implemented
into dynamic reactor models. Controllability studies are performed and measures to avoid
runaway situations are implemented. The whole SHE (Safety- Health-Environment) area of the
process is evaluated.

In the commissioning and start-up phase, dynamic models are used in the plant for the op-
erator training and to assist the decision making in what/if situations (malfunctioning of
feeding system causing improper reactant ratios, overdosing active reactant, reduced heat
and/or mass transfer, collapsing of mixing or cooling system, etc.).

In the validation and optimization phase, models are validated using relevant plant data. In-
formation is fed back to the R&D function to refine the models and improve the process for
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future product1on campaigns.  Single operatlon steps and' process units are optimized after
‘validation and the optimal conditions are linked to overall process and plant optimization.

Evolutlonary process rmprovements should be carried out through the whole life cycle of the
process. :

In the presented fine chemical process development work flow this contrlbutlon is focused on
the methodologies in the development of dynamic mechanistic kinetic and reactor models, on
the methods for generating reliable and consistent data for modelling purposes and on the
tasks required in the estimation of parameters for those models. The procedures and modular
tools for dynamic modelhng are presented in Fig. 2. The apphcatlon of these procedures is
illustrated with two case studies: reductlve N-alkylatlon of an aromatlc amine and a Claisen
condensation reactlon : ~

Modei data bank
- shertcut models -
= figorous'modets

Dynamic reactor modej’ ‘ —
generation { User model platform

- stoichiometry

- kinetics Kinetics and equiittium

- thermodynamics (equi |bna)

- catalyst

- multiphase system
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-
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‘Kinslic constants data bark
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~control
T - + g Physical properties data bank
Design of experiments 2nd property essmatmn
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Sensitivity analysis
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Expertmenlal design module

Numerical recipes moduie 1

“_.1
‘__,I

Optimization module {

Control desigh modula

Relief system module -

Figure 2. Procedures and tools for dyrrarrric modelling.

2. Kinetic and reactor models -
The reactions in the fine chemicals manufacturing are often very complex involving

consecutive and parallel reaction steps, which take place simultaneously. This leads as such to
complex and detailed k1net1c rate equations with numerous adjustable parameters, which are
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often correlated and dlfﬁcult to identify accurately In addmon many of the short-lived .
intermediates are not detectable by chemical analysis- and so no information of their real
concentrations in the reaction medium is available. A practical method of simplifying the
kinetic equations for reaction systems with slow and fast reactions is to apply the quasi-steady
state approx1matlon Le. To assume the mtermedlates to be very reactive and thus thClI‘

generatlon rates to be approx1mately Zero; r '“Z ViR, =0 (boudart 1968 1a1d1er 1987). Thls
g=1

approach enables the ehmlnanon of the concentrations of the mtennedxateb from the
generation rate equations of other components and the reduction of the number of adjustable
parameters in the Kinetic equanons. An alternative method for simplitying the kmetlc equation
is to apply the quasi-equilibrium approximation for fast reactions or adsorption and
desorption processes of reactive species at the catalyst surface. This treatment implies that the
“ratio of the forward and backward reaction rates is equal to 1: R, /R_=1 for the fast
-~ reactions. The equilibrium ratio is introduced into the rate ‘equations of the slow reaction steps
enabling the elimination of non-detectable components, modet simplification and reduction of
the number of parameters by lumping them into single entities.

The reactors used in the manufactunng of organic fine chemicals are mostly multlpurpose
semibatch and batch reactors equipped with necessary auxiliary equipment for mixing,-
heatlng and cooling as well as for distillation or evaporation. The reactions typically take
place in the liquid phase and only very seldomly gas phase reactions occur in these kind of
systems. The reactor models are generally of the form: '

Liquid phase : -~ 'j »f( €1 €Gn d;",dzzL} g e ey
e, de, d*e | SR : :
Gasphase“ . df ~g{ e 1:71'(';'.'7 d]zG), o . ek s (2)

d i d(f}%ﬁ)
Catalytic reactions: L= £ D, ~—~;~——— +rpp =0 R 3)
: R rdr : .

3. Experimental methodology

The proposed reactor model is the basis for the experimental design. The kinetic reactor
model gives guidelines, which phenomena have to be studied experimentally to identify the
necessary parameters in the model equations in such a way that the fit of the model and the
identifiability of the parameters is good enough for the utilization purposes of the model
during the hfecycle of the process. The preferable procedure is to try to Separate the reaction
kinetics from transfer phenomena and to carry out kinetic experlments under mass transfer
free conditions to measure the real chemical kinetics and not the apparent mass transfer
limited pseudo-kinetics. The model is validated by comparing the simulated results with the
, results of 1ndependent experunents preferably camed out under 1ndustr1al condltlons

Typlcally laboratory (0.1-11) and’ bench-scale 121 reactors, equlpped ‘with PC-based data
acquisition and control systems, are ueed in the kinetic measurements of fine chemcal
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reactions. The reactors are usually operated batch or semibatchwise. The extent of the reaction
is typically monitored using high pressure liquid chromatography (HPLC) and gas.
chromatography (GC). Modern in-situ UV, NIR, FTIR and Raman techniques enabling
~continuous monitoring of the spectral information from the reaction m1xture are the future

_trend m expenmental reactlon engmeerlng R R

4. Numerical methods‘ and'_parameter estimation procedure

‘The-vmechaniétic mathéinatic_al models for dynaniic proéesses occuring in fine chemical
manufacturing can be presented in the form of ordinary differential equations (ODE): -

, - ; o : o
= f s i) y : 4

dat (y ) : o o S )

with the initial conditionsy =y,at =1, where ¢ is typically reaction time and,'y represents
concentrations of chemical species. Software tools such as the MODEST software (Haario

~ 1994) can be used in solving the ODEs (Hindmarshﬁ, 1983, Marquardt, 1963)'.'

The _practical procedure for - model buﬂdmg, expemmental des1gn data generation and
parameter estnnatlon is summanzcd in Fig. 3.

Start
‘Presume reaction mechanism and - ¢
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I
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! .
H
| - Derive mass ‘and heat transfer

equations {or the phase boundaries and
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I
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I
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F igure 3. Practical procedure for modelling.

L
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5. Case studies :
Case 1. Reductive N-alkylatmn of an aromatlc amme, a homogeneous heterogeneously ,
catalyzed reactlon v

”Rebductive N~alkylati0n of an aromatic amine is presented as anﬂoxam'ple of a complex
reaction system involving homogeneous reactions and a heterogeneously catalyzed double
bond reduction and/or hydrogenolysis (Malone and Merten, 1992, Lehtonen et.al., 1998).

Scheme 1. Reaction scheme for the reductive alkylation of aromatic amines.

CHR
. NCHZR N,
— R M4 e CHR!
O m M? @) O ) @ . !
A B . ‘C
} (9)' . »1’(}10) ) u(u) o
o 04 ' R '
(12 i_(13)‘ . (4
‘,’* R CHaR
NH: : NCH.R . . N\
St N e S N - CHR
@ @) 6) B
CHR ; CHR
¥ F
The initiating homogeneous steps can be written
A+ RCHO© Il @

1 o2+ HO n

‘The following kinetic equatlon is obtamed for the homogeneous hquld phase rcacuons by
applying quasl—equxhbnum to the rapid step:

n= kl(CAcR'CHO —¢nep,o [KiK, ), ' kS . (5)
L Crnfuo ' ' ’
Where ]\l‘KZ 2“"‘—2— .
o CACRCHO

For the surface reaction that take place on the Pt catalyst, assuming dissociative hydrogen
adsorptlon consecutive hydrogen addition and product desorptlon the following mechanism
can be expressed to describe the reactions:

2* +.  H* - 2H* +
I2ZH*  + H* - B* ot o
2* + 2H* - B* + 2%,

where 12 can be M2 M4, N2, N4, 02, 04 or 06. We obtaln a rate equanon for the surface
reactwn

k's cpsc : B :
Bk ' - . R (6)

o :(H—K,zc,z +1/KHC‘;:»+ZKJC})§ .

where ky =k, K ;K .
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The rate of formation or consumptxon of a'component i is the sum of the homogeneous non-
catalytxc reactlon and heterogeneous cataly’clc react1on :

'vri %er’hO{zea!+(Z‘rj)77pBCM’ : v : : ‘ 8 (7)

The generation rates of chemical species (1 =1) are summarized below:

rg=—R-Ry - B ST S ®
Ty ?—Rsv =Ry + Ryppey ' R o : SR ) I
o =Ry + Ryppey k S (10)
Fp =Ry + RIZPBLM : : ‘ (1 1)
STy =—R; +{R, +R13)PBCM : - ‘ ' (12)

Fy :(Rs +R14)PBCM L , k : , , : v (13)
a2 =Ry~ Ryppey, | (14)
Tarq = Rs ";RTvaCM L | (1 5)
Ty =Ry —Rypper N v B , ‘ S (16)
Fya =Re —Rgpgey, ‘ nE ‘ : (17
o2 = R - RIZPBCM ‘ o : - (18)
Foa =Ry — RlBPBCM » o : ‘ ‘ S (19)

ros = R — Ruuppey : o ' T (20

The reaction scheme was further simplified and the number of rate equations was reduced
based on the experimental finding that the ring alkylation reactions are mmor and so those re-
actions could be omitted in the final kinetic treatment

An example of the fit of the kinetic model to experimental data is presented in Fig. 4.

-

288

iR

hgure 4. A companson of experlmental data and modet 51mulat10n for reductive N—alkylatlon
of aromatlc amine w1th aldehyde
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- Case 2. Kmetlcs and mass transfer of orgamc hqmd-phase reactmns in the presence of a
sparmgly soluble solid phase : : .

Claisen condensatlon is presented as an example of an orgamc hquld phase reaction, whlch
takes place in the presence of a reactive, but sparingly soluble solid compound, in this case a ,
‘methox1de (Tn'ronen etal.; 2000) -

Scheme 2. The reaction scheme of Claisen condensation. |

: ’ 9 e o
- Srep 7 THCCTR -t OCH3 HC—C—R -+ CHOH
' A B Al E
S}
o o o ¢ )
: CUUAMC=0=CHy o+ ICCTR = CHj i S
Step 2 - c Al : HCTETR : Ar = aromatic rng
R : e R = -alkyl chain
A2 , - '
e s 9 P
, A C—0—CH = .0 .G v OCH
‘ . HC(TR A GHOR
‘ 0 . . L H .
Sfep3 o A2 ./ A3 N B
%ol ‘ , E 9 CH;OH 0 .
#0420, + CHOH : Ve R C, + 0 YOCH:
ACH R 3 » A CHy . g Cih p Ar/. CHs ' 1,
D E Ad F G B

Steps 4, 5 and 6

Based on the simplified treatment of the reaCﬁon pathWé;f, the elementary steps leadi’rkig to the
- formation of the final product (D) and methanol (E) can be compressed to

‘A +B

< AlL+E
CAL+C < CUA2
A2 < A3+B
A3+ B < D +E L
A+B+C . i = . i DA+ 2E

Where A, B, C, D and E are analytically detectable compounds and Al (carbanion), A2 and
A3 are the reaction intermediates. Applying the quasi-steady stafe hypothesis on the reactive
intermediates (Al, A2 and A3) enables the elimination of the concentrations of the
intermediates and an analytical expression is obtained for the reaction rate:-

2 - ; ' SRS , : ; :
E°D -(k kg +| S Kaka L S Hkicy ' 21
X }\ 2 3‘40(,. P % X K3v4) X L ( )

r::k(CACBCC -
243 2 i

b. 4
where £=[ Tk, and k=]T k.
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For modellmg purposes, eq. (21) was further sunphﬁed to 1mpr0ve the 1dent1ﬁab111ty of the

parameters in the estimation. The kinetic equation (22) was apphcd in the mode] for the main
reaction scheme.

k c,.cic. S
- 474 BmCi . (22)
c-+K ¢ S
The rate equations were coupled to the mass balances of the compounds in the reactor.
——é—:‘—'—:ﬁoi-kNiA#—er o ' g ' W (23)

In this particular case the compound (A) was fed into the reactor and the compounds (B, in
this case sodium methoxide) existed predominantly .in the solid phase due to its limited
~ solubility. The mass transfer of B was rapid i.e. ¢, was replaced with ¢} in the rate expression.”

An example of the fit of the model to experimentally measured concentratlons is presented n
F1gure 5. :
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Figure 5. Comparison of experimental data and model simulation for Claisen reaction.

‘Symbols: A (), C (0), D (0), E (A), S21.(0).
6. Conclusions

This contribution deals with the methodologies in the development of dynamic mechanistic
kinetic and multiphase reactor models for batch and semibacth reactors for processes which
take place in the manufacturing of fine chemicals. The practical methods for generating
- experimental data for the modelling purposes and- the tasks required in the estimation of
parameters for the models were covered. These methodologies are an essential part of the
process development workflow concept and improve the utilization of models as tools durmg
the process development cycle enabling a shorter development time and a hxgher performance
of the new processes.

7. Notation
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Greek letters
£

e

mass transfer area or cross section

concentration

diffusion or dispersion coefficient
equilibrium constant

lumped parameters

length coordinate

-molar mass

mass
flux- o
molar amount of*substance

hold-up, void fraction
catalyst effectiveness factor

stoichiometric coefficient .

density

Subscripts and Suﬁerscripts

R N

<

*

bulk

" gas phase

component index
reaction index

liquid phase

particle

solid phase

inlet or initial condition
saturated state
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o

e~

molar flow
reaction rate

shape factor ;
generation/consumption rate
particle radius

time

volume

state variable
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KINETICS AND MODELLEVG OF 0-XYLENE HYDROGENATION
’ OVER Pt/"{-Ale_z, CATALYSTS S
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: Biskopsgatan 8, FIN-20500, Turku/Abo, Finland,
ph: +358 22154985, fax: +358 2215 4479, e-mail: dmurzm@abof
*Department of Applied Physics, Laboratory of Electron Spectroscopy and Surface Physics,
Umverszzy of Turku, Vesilinnantie 5, F]N~200] 4 Turku/A’bo Finland

Introduction = v
Catalytic hydrOgenat_ion of aromatics is used in oil refining industry to lower the amount.
of undesired aromatic hYdrocarboh in diesel ﬁeié The rate of aromatic hydrOgenatiori is
strongly affected by steric factors as the hydrogenation rate decreases by substitution of alkyl |
groups to the aromatic ring. The kinetics of gas—phase catalyuc hydrogendtron of xylenes has
been investigated over supported Ni, Pd and Rh catalysts {1-4]. However, there are no data on
xylene hydrogenatiou over supported'platinum catalysts. The aim of the present study waS to
investigate the kinetics of gas phase hydrogenation of o-xylene over highly dispersed
~ Pt/alumina cata]ysts as weil as stereoselectrvrty of the ﬁnal products at temperature ranges of
430-520 K. Different _eharacterization techniques were used to eorrelate the catalytic activity

and selectivity as well as the understanding of the surface catalytic chemistry.

Experimental | , ‘

B Alurniira supported platinum catalvéte were prepered by impregnation ‘ofi y-alumina sup-,‘
- port (LaRoche) hdvmg a surface area of 220 m' /g with soiutions of HthCl(, The catalysts
were washed and dried at 353 K. ﬂie actwrty of the eatdlyst were tested in a continuous flow
tube reactor at WHSV of 116 h'' and partial pressures of 11, and o-Xyiene of 0.19»0.38 bar
and 0.04-0.10 bar; respectively. Argon was used as make-up gas. Special -experiments uzere |
carried out to ensure that the kiuetics is measured in the absence of external and internal dif-
ﬁision iimitations. Prior to tiie experiments the dried catalySts (125»-150‘_‘um, 60 mg) were re-
3 dueed zn situ in Hp-flow at tlie pre- set temperature followed’b‘y cooling to- the reaetion ‘
emperature at Wthh point the reactants were mtroduced to the catalyst The experlmental set-

k up for the catalyst testing is illustrated in Figure 1.

35



' o »<¢  Valve
) bypass " == Filter, Check Valye
7y ® = \ - ~@—> cooler/condenser
T = : . _
T el Tube Reactor . ' wm - Heated tine -
3] L
Ar l - Cutalyst i --Data acquizition
, ~line
. : 3 m
o-xylene . I3
HPLC pump 173
- . { 8
.c-o-v!

[coﬂectcr E ; :

'Figitre I: The experimental 'seteup for catalyst {estihg.

The products were. analysed by GC and conﬁrmed by GC-MS. The prepared catalvsts
were characterlsed by Ng-adsorpnon H;_-adsorptxon Hz/o-xylcne TPD and XPS.

Results and Discussion | k
The thermodynamw calculation for the gas composmen and the operatlon temperatures
" used is given in Figure 2. A typxcal kinetic run is presented in Flcruxe 3. As shewn catalyst
deactwatlon took place during lhe ﬁrst 20 mmutes ‘and steady—state operation was reached.
Cis and trans 1 2 dimethyl cyclohexane (1,2- DMCH) were the oniy hydrogena&on products
(i.e. no alkylcyclohexene was detected) and their ratio did not change during the initial cata-
lyst deactivation. Table 1 presents the hydrogenation rate at different catalyst‘reductioﬂ item- :
perature The highest rate was obtamed w1th the catalyst reduced at 673 K. The amount of H,-
,desorbed from the catalyst surface from the TPD experlments was correlated to the hydro— B
genatlon rate (Table 1). The reduction of the catalyst at 673 K was therefore selected in ki-

netics experiments.

F 1gure 4 represents the hydrogenatmn rates asa funcuon of temperaturc The rates passes
through a max1mum at ca. 460 K. Thermodynannc calculanons (F igure 2) indicates that the
experlmental data are obtained i in the region very far from the equlhbrzum therciore ~the de-
crease in the hydrogenatmn rate dbove 460 K can be solely )attnbuted to the hydrogenatlon ki-

netics.
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Figure 2: The thermodynamic calculation of o-xylene hydrogenation under the opei‘ation conditions.
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F=gg it a,exp( agt), [6]
where:
: az —ksro/(k.ﬁk-s) ~
=k + ks and ay = ko korky)
k & k.: rate constants for dcdctwatlon and
self generation

rg: rate in deactivation free conditions

Figure 3: The time on stream hydrogenatlon rate over the Pd/alumina cata!yst T= 470 K;

Puz—= 0. 38 bar Poxyt ™

= 0,06 bar, WHSV = ll6h‘

 Table I: Comparison of thc catalysts aétivity at 460 K. P2=0.38 bar , po.xyﬁ().vOGbar',

WHSV = 116 h'.

Catalyst Theductions Trgacrion, ’ ) Rate Amount_desogbed*,'
: K ; K 10 mol/g(Pt)s mmol/g catalyst,
1% Py/Alumina 673 460 4.08 0447

1% PYAlumina 623 460 2.04 0.389

1% Pt/Alumina 573 460 118 0339

*- First H,-desorption peak corresponding to H,-desorbed from platinum {5].

The reaction orders in hydrogen and o-xylene partial pressures were determined in tem-

perature ranges of 430-520 K with intervals of 10 K. The orders in o-xylene was found to be
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close to zero at all the témperatures investigated. The order in hydrogen partial pressure in-

creased with temperaturé from 0.9 at 430 K to 3 at 520 K, suggesting a decreased hydrogen

coverage by increased temperature. The result indicated an increased cis/frans 1,2-DMCH ra-

tio by increased hydrogen conéentration On the other hand, the civ/trdns ratio decreased by

increased operation temperature (Flgure 5). A k1net1c model based on advanced reaction

mechanism was developed and apphed

o |93) 4w wy
. =) :

ot

‘ rate, E-4 mol/g(Pt)s

0 : ; T : T T T -
420 440 460 480 500 520 540

Temperaiui'e, K

Figure 4: Hydrogenation rate as a function of
temperature at py» : -¢- 0.38, -m- 0.31, -A- 0.25,

cis/trans 1,2-DMCH ratio

410 430 450 470 490 510 530

- Temperature, K

Figure 5: The cistrans 1,2 DMCH as a
function of reaction temperature. pyy = 0. 38 bar, -
= (.06 bar, WHSV = 116 h™. '

-o- (.19 bars; poxy = 0.06 bar.  Poxyl =
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THE NEW PHYSICO CHEMICAL APPROACHES TO REGULATE :
' THE SURFACE OF CATALYST CARRIERS ' :

K lehtz, T. Feldbaum, s. Maedje, M Keung, K Krause,A Malvschew, T. Rappert

: Ueberseermg 40, D-,22297 Hamburg, bASOL Germany GmbH ‘

As known from modern catalytic surface science the nature and quality of the carrier
nlat‘erial is a key part of eatalysis Deﬁned properties and consistent 'Quality of the carrier ma-
terlal are key—requlsltes fora successful catalyst Thls paper will demonstrate the p0531b1ht1es
and ﬂcxrblhty of CONDEA’S alkoxrde technology in terms of manufacturlng aiumlnas silica-

alumlnas hydrotalcnes and other mrxed oxides as raw materrals for the catalyuc industry.

‘ | The CONDEA group operates two different types of processes for the manufacture of
alkox1de denved alumlnab and related products, the Ziegler-ALFOL process and CONDEA’s
On-Purpose Prouess The Zlegler process is a co-production process of linear faity alkohols
and alumina, using - alumo- .organic .compounds as mtermedlates, CONDEA s own On-
Purpose technology is based on the formation of aluminum alkoxide from aluminum metal
_and alcohol. In both processes the formation of alumina is achieved by hydrolysis of a'lumi;

num alcoholates with water.
AI(OR); + 2H,0 ———— AIOOH + 3 ROH

Alumina from the hydrolysis of alcoholates is typically obtained in the form of boehmite
or pseudoboehmite. It is important to mention thattboth processes give products of equiValent
quality. Subsequent proceésing steps lead to a variety of di‘fferentvalumina products of high

, purrty and deﬁned physical proper‘uea such as | |
° boehm1te alumlnas of different erystalllte size, porosity, partlcle size and peptxsatlon
or dispersion behavrour .
e  calcined aluminas of d1fferent phase compositions (gamma, delta/theta alpha), poro-
sities, surface areas, particle sizes and attrition resistance

e shaped carriers (spheres, extrudates, and tablets).

! Author for correspondence: thomas.rappert@condea.de; tel. ++49 40 6375 1236; fax ++49 40 6375 3626
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~ Besides boehmrte and boehmrte derived calcrned alumina, bayerithe. and n- alummas are
produced via this technology. Also accessrble is-an almost unhmrted variety of hrgh purlty :
mrxed 0x1des such as silica alummas hydrotalcites, and doped alummas |
Aikoxrde manufacturmg technology for alummas and related products as developed by
the CONDEA group offers the following »advantages to the catdlyst manufacturer who is

looking for high purityvraw materials with defined physical properties.

® The alkoxrde process allows close control over 1mportant physrcal propertres and
- guarantees a consistent product quahty at high purrty level. '
® ” Poesrblhtles to tallor-produce propertles hke processing performance pore size dis- 3
o trrbutlon ac1d1ty and many more enable the catalyst manufacturer to adjust the de-
ksrred performance of a catalyst. - '

e Besides pure dlumma other materials hke doped dlurnmas silica alummas and hy-

,drotalcrtes can be manufactured v1a thc alkox1de proccss
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DEHY DRATION OF PHENYLETHYL ALCOHOL ON y-ALO; BY MEANS
: OF T HE ELECTRIC FIELD

A.A. Lamberov, I,.G. Shmelcv 3

Kazan State Technologzcal Umve;vszty )
1& Marx St, 68, 42 20015, Kazan, Russia, E-mazl }roCkstu ru

Our scientific interests lie in the sphere of the. he{erogcneous catalysis, the applied elec-
, ‘trochemistry, the inorganic synthesis and the solid state physics: We study conditions for de-
_ veloping new catalysts and supports for the petrochemical and organic synthesis. A novel
¥-ALO5 technology with the use of the elements of the applied electrochemistry has been de-
veloped in our laboratory, which seems to be of significance. The apphcatmn of our technol-
ogy for the production of the dehydratmg, and desulfunzatxon catalysts of dlese fuei has
“shown a number of advantages. ' ' ,
The industrial dehydrating of phen}lethyl a}uohol in styrene has been Lam«,d out under
250-300 °C on the y-ALO5 In the presence of steam. The research of the authors {1} ahowed
that the electrical conductivity of v-Alb O3 increases in the presence of steam. The dehvdxatmg

~of phenylethyl alcohol by means of the electric field increases the reactions speed as a result

of increasing Fenm level in the catalyst [2, 3]. Both y-ALL O3 and ZnO are known to be the n-
_ type semiconductors; hence it was of great interests for us to study the dehydration of phen-
,ylethyl alcohol in the electric field. The mstaﬂatlon used is in the Figure 1

‘ Phenylethvi o 2 R : I e : Source of elec- -
alcohol L S E 5 < tric current ‘
| > S B RE Cathode = » 0
Evaporator : V Y R o ' '
) Evaporator - - H.0
Pt-anode |
Stove
~—4——— Reactor
Thermojunction ,
' Cooler
! PP S

Figure 1. The installation for the dehydration of phenylethyl aléohol in sfyréirie >
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We have used 0.16-0. 20 mm fraction of v- A1203 as a catalyst It can be seen that Pt-
electrode was incepted into the center of the reactor. The reactor wall was used as a second
electrode. The electric current up to 16 A run through the electrodes after the loading of the
catalyst and the polanzatxon of the electrodes. The electric current value greatly increases
when the steam is passed through the catalyst. The introduction of the phenylethyl alcohol
vaporous also increases the electric current value, but at a lass extent. The electric current
value increases by 20 times when the steam and the phenylethyl alcohol vaporous are ]omtly
passed in 1 : 1 relatively. The electric current value has been found to be constants upon the
reactor operating. In the beginning of the polarization of the catalyst the conversion of phen-
ylethyl alcohol increases by 260 %, ~and in the course of 6 hours it dropped to 18 %. The de-
pendence of the conversion of the phenylethyl alcohol on the voltage is of the extreme
- character. There were found no changes in the composition of the reaction products dunng the
polarization. The results obtamed are presented in the Table 1.

Table 1. The results of catalytlc research of ’Y-A1203 (T=180 °L correlatxon phenylethyl
alcohol H,0=1:1).

’ T ‘ ’ | Conversion of
_Probe, v o Methylphenyi- Phenylethyl , s ‘
hours Ce-Ce, /0: vStyrene, % cetone, % alcohol, % Crow, % pheny k:d,l,y !
; - alcohol, %
: . Initial fuel - - o '
- | r1ss [ 000t ] 11.759 | 84894 | 2657 | B
R - Without polarization of the y-AL, O3 oo
2 2.110 -24 966 _ 13482 S 58155 2574 0 31,50 ¢

3 2.113 10571 12,770 o 72:898 1647 1413
4 2.034 - 17.424 12.902. - 67.017 ‘ 2,522 21.06
o) 2.555 6316 11.666 77.484 2.878 873
6 - 1.876 6217 14,783 - 76.390 . 2:433 10.02
N » - With polanzatlon of the y-ALO; L
2 1.060 - 67.466 . 12.071 16.012 3.389. ~80.41
3 0.999 37237 1 14987 . .= 41871 1:647 48.78 -
4 0.897 27.584 16.010 51310 4.198 37.24
5 0.940 21420 - 13.978 60.179 ' 3.383 26.38
6 0868 -1 . 17415 12242 66.406 3.068 18.76

T 100,00 — : -

;_g £0.00 ‘Without polarization of AI?OS :

[T )

) = 6000

B = With

E % 40,00 “polarization

§ 20,00 Lof Al203 v |

0 2 4 6 "~ 8
‘Hours

Figure 2. Dependence of the cohversion of the phenylethyl élcohol on the reaction time.
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A NEW TIME DEPENDENT MONTE CARLO ALGORITHM :
FOR STUDYING THREE-PHASE BATCH RFACTOR PROCESSES

Glamnaolo Barone and Darm Duca

‘Dipartimento di Seiefzze Farmaceut_iche, ‘Universitd di Salerno,
 Via Ponte Don Melillo 1-84084 Fisciano (SA), Ttaly

A time dependent Monte Carloj(th'(.)}'*algorithrni{l’ 2]::for studying catalytic ’processes
occurrmg in three-phase batch reactor has been developed and 1mplemented in Fortran lan-
guage. This tdMC code has been employed to rmmlc experrrnental results [3] of the industri-
ally relevant [4] isobar and 1sotherm hydrogenatron of 2, 4. dmrtro-toluene in ethanol solution
in presence of Pd catalysts [5]. . ’

B i has been found {5 ] 5] that the latter reactlon occurred v1a a complex network orlgmatmg |
product dlstrrbutrons mﬂuenced by several factors temperature and pressure of the reactlon
~ system, concentration of reaoents 1ntermed1ates and products morphology of the catalyst
However, due to the 1ntr1nsrc complexrty of the reactlon m our opinion the mrcroscoprc as-
pects of the title reaction were not achreved by the experlmental approaches, 1nterpreted by
, ordmary drfferentlal equatlon systems. Therefore we trred to get mlcroscoplc details on the
three phases 2, 4 drmtro—toluene hydrogenatlon on Pd surfaces employmg the th(, algorrthm

, above. Fxpenmental ﬁndlngs were reproduced modelhng the actrvrty-selectlwty pattern of
the reaction on a given Pd catalyst, by employlng as ﬁttmg parameters the probability of oc-
currence of the srmple events 1nvolved 1n the same reactron and usmg quantu*n—mechamcal
preliminary information. - e e L : |

Our tdMC code allowed us to state the' role Of all the interrnediates present in the catalytic =
2,4-dinitro-toluene hydrogenation,’ _"SOm.e__ofr Wthh not yet isolated by experimental proce- |
dures. Furthermore, the model prediCted aspects" not expzerimentally investigated and, repro-

“duced the inmost physical and chemical characterrstlcs of the same reaction system [3].

The simulations showed that the surface populatron occurrmc along with the hydrogena-
tion, contrarily to what already claimed {5] cannot be explalned by con31der1ng simply metal
dlsperswn effects or a br-drmenswnal analogous of the Well known ‘random parkmg model’.
Conversely, both the effects above have to be contemporaneously present, becomlng more or
less 1n1portant depending on the partlcle morphology and on the involved surface reaction

species.
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Here. we rcport the relevant technical details of the model and the sxmulatlon procedures.
The 36 dlfferent specxes we consxdered in the smlulatlon were ‘
¢ - in solution, 2,4- dmltro-toluene 2,4- dlammo-toluene and the seven poseuble intermediates,
e on the surface, three different arrangements for any of the adsorbed species above.
Fig:-1 shoWs, for the 2.4-dinitro-toluene molecule, the three ;‘)ossib»le arrangement of the
surface species: fat constellation, F C with the benzerie ring paraﬁel‘ to the bcatalyst surface,
and hindered-flag and free-flag constellatlon HF C and FFC respectively, with the toluene
,derwaﬂves thrdctmL vemcall} to the Pd suriace through the mtro hvdloxﬁfdmme or amine
group in position 2 and 4, Iespeetlvelv mmdemaﬂy, we have to stress fhat by the anah s1s of
our ﬁndmgs the role of the 2.4- dnntxontoiuene FC species is oenerail} shrunk with respec_t to |
the original 1nterpletat10ns [5 1 o |
The volume occupied by the species bin Wa;er-ethanol solution, calculated usingeptim.ised
geor’ne‘tries‘ by quaﬂtum mechanicél C'chuleﬁ'iom at HF level, was used to determ‘me» {*] the
hitting plobabl ities of the so vated spu:leq The hitting of the water molecules was used 1o

-synchronise the mternal clock [1 3] emploved m the thC szmulatlons The produetmn of

Fig. 1 2.4-di-nitro toluene molecules adserbed in the
fat, free flag and hindered flag constellation ’
(FC, FFC and HFC) on a {100} plane ofa Pd
cluster. Legend: Pd atvoms,k’ light grey bigger
~ spheres. C atoms, dark grey medium ,sized
spheres, NOZ fragments light grey medium
smed spheres. H atoms, black spheres Dimen-
sions of the spheres are normalised to the vdW
radii of the atoms. Sites labelled by x are hin-
dered, following the adsorptxon as mnmcked in-
the tdMC smulauons

-water occﬁrring zilo'rig the reaction did not affect the timing progresqion This evideﬁce vin-
duced us to allow the algorlthm to change the sizes of the time umt when, due to the surfdce
species dlshlbutlon. the - only possible events became the hitting of the solvated speueb This
procedure dramatically shortened the smulaﬁon hme

The moleeular volumes were also emp]oyed to determme the sur face sites hmdercd by
the different species. Foﬂowmg the adsorptlon in the three different mOdes the hindered sites
were: 3 for FFC, 4 for HFC and 12 for FC (see Fig. 1). The steric hmdrance ot the hydrogen
-surface species, as usual, was considered null [6]. Quantum mechanica! calculations per-

| formed on Pd4 and Pd; clusters interacting with C¢Hs or other model molecules composed by
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the fragments -C¢Hs, -NOs,, -NHOH and -NH,, gave an esﬁmate of the energy needed for the

desorp’uon processes involving the same species. -
| Adsorptlon (hitting fol!owed by sticking), dusorptlon and reactxon events of the different
. species. were taken into account. To each of these steps, an' occurrence probablhtv was ‘as-
- signed for given refcreme time and number of metal surface sites. “The tdMC code a: 1tomat1—
cally updated solutlon and surfdce poptﬂatmn dvnanncally chanomg along the snnulatud
reaction. The catalyuu 5V<tem was ﬁﬂ]y repmduced by normalising the values of the experi-
mental extensive variables to the number of the surface sites considered. Actually, the reac-
tion system was modelled as iepresented in Fig. 2. From the “fhdle'Solutiox1 we isolated a
‘mjcro-porti{m'constiiufed by a metal p‘articleo‘f 10000 sites centred in a drop of solution; Thc
~volume of the drop was’ ndn’n‘aliscd to.the area ()f the metal particle sites, knowing the eim

- perimental total exposed metal surface area and the whole solution volume.

D

Fig. 2 Reactor ,’\/Iodcl A, solution phase; B
~and C, micro- pomons of solution, cen-
trally -including one g;am of catalyst
(e.g. b sphere); D, gas phase. Rays of
the spherical regions are not scaled
down. Metal surfaces can be considered k

~ spherical due to the perlodlc boundary »
conditions introduced.

This model assumes chemical regimé coﬁditions, which indeed were Qariﬁed Both in ex-
-‘perimental [5] and simulativev[S]-sessioﬁq Besidés the H, concentration, ‘ﬁxed in the Solutién .
vphasc the chenncal charactenst]cs of the lep changed dynamically along the reactxon
‘whereas its temperature was maintained constant. ' ‘

The tdMC took account of all these characteristics‘.‘ The metal particle, reproduCed by

100 x 100 squared mamces mlmlckmo a mmng of adequatcly balanced {100} and {111} fec
Pd faces Was characterxsed b) perlodm boundary condmons leferent metal dlsper%mn val-
ues were also modelled, mtrodu_cmg a proper number of gaps on the surface (matrix) [2].
Available surface energy, ASE, distributions [2] were not expﬁcitly taken into consideration.
However, the necessity to consider ASE distributions stood out, as expected, analysing the
simulation results, and this will be the subject'of next ‘thC studies. The ~prcsenf algorithm

allows one to calculate in two different ways the TOF values, considering either the transfor-
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mations of the surface species or d1rectly the concentratmn changes of the solution reagent
and intermediate species. The program could also account of the water and. ethanol sticking
" and of the surface deposit formation. i e

1In order to reduce the number of ‘paranieters to be considered in reproducing experimental
results the code can group together homologous actions hence the1r occurrence probabthtles
(e.g: probablhtres of reaction of -NOo fragments in dlfferent pos1t1ons or different surface spe—
cies). Moreover, the desorption probabrhtles of the dlfferent toluene species can be obtained
assummg 1ndependent probabilities of desorptron of smgle»fragments composing the whole
molecule Since surface hydrogen atoms are con51dered as ghost species [2,3,6], events of H
v spec1es were not expl1c1tly considered in the model D1ffus1on of toluene derivatives did not
influence the computational results on. the whole reactlon hence after prehmmary studies,
they were not considered. Initially, the events occurrence pprobabilities were taken from the

“ceiling”. Subsequently, a fit procedure was used to reﬁne these parameter values. To obtain

l

where &p and €p are the d1tferences found between s1mulated and expertmental results and the

fit parameters the followrng function was m1n1rn1sed

]~7‘w

experimental error of the i point, respectwely Values of 1* close to 1 validated the ﬁttlng

" model. Fitted po1nts were related to the experlmental actrvxty—select1v1ty pattern
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'APPLICATION OF MATRIX ELIMINATION METHODS '
' IN PROCESS SIMULATION '

- Mark Lazman
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“Matrices are forever” was a title of reviéw on applied mathemétics in chemical engi-

neering. Engineers tend to think in terms of inatrices when dealing with linear of linearized
prOblemé, We will also discuss this conventional domain: sparSe elimination methods in flow-
sheet simulation and optimization. The second part of preséntation deals with more intriguing
subject: matrix ‘elimination methods in non-linear Situation. This technique allows effectively

solve non-linear steady-state problems.

1. Simultaneous appreach to real time optimization

The vﬂowshéet is a set of interconnected unit operations and process streams. Flowsheet
optimization requires the solution of non-linear programming problems. Rgceht developments
in process simulator architecture resulted in simultaneous modular optimization procedure.

The flowsheet is subdivided into disconnected blocks. Additional constraints and vari-
ébles represent their connectivity conditions. HYSYS™ flowsheet svimulatdr supports this de-
compo‘Sition. Speedand reliability of optimizat_ion stfongly depend on efﬁ,ciency b_f derivative
estima_tion. The efficiency problem becomes critical for complicated unit operations like dis-
tillatibn columns that require intensive iterative calculations. Slow calculation of column par-
tial derivatives may diminish beheﬁté of modular solution. Column should be solved at least n
fimes to estimate the »derivatives by n parameters even in casekof simplest forward difference
derivative apprbximation. Calculation of numerical derivatives requires tight column toler-
ances. This results in slower and less stable individual calculation. Cost of repetitive runs
makes prohibitive calculation of optimal finite difference interval.

Application of analytic differentiation addresses all these issues. It is sufficient. to solve

~column once to find » derivatives. HYSYSTM allows different methods of simulation and so-
lution of column balances including simultaneous method. Sparse Continuation Solver com-
bines homotopy continuation with Newton typé algorithm based on Sparse linear elimination

- technique applied to the block diagonal type linear problem (fig 1).
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Fig. 1 Jacobi matrix of Column model
Simultaneous solver allows the analytic derivatives. Implementation of analytic deriva-
“tives reduces calculation time. Furthermore, derivative calculator produces acceptable deriva-

tives applying standard tolerances.

2.Polynomial elimination in kinetic problems
_ Quasi Steady State approximation

Equations of chemical kinetics in _é_l_i,)sed'}rlu:r_nped.._s_ysteni.with complex reactions have
dc/dzz‘ff wo S e | iR
‘-’twhe,re cls vector of components concentra’uons F is sto;chiomemc matrix, and « is normal-
“ized vector of reacnon stage rateq Classm kmetlcs assumes Mass Actlon Law (MAL) for rate
~of reaction stage. Common method of I'L&CIIOH rdte equanon derivation is based on Quasi
Steady State Approximation (QSSA). QSSA 1S. based on Zero order approxnnahon of integral
manifold of the fast processes. Cor respondent dlfferentlal equahons are sxmply replaced with
algebralc equanong R f e

Mamx F accounts now for the fast components only
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Let I"’ be §x J matrix (S is the number of reactions, J is the number of 1ntermedlates) ,
Equatron (2) can be presented in the equrvalent form | ;
e -NW, ; b , : ¢ B
L) =0, | Bt |
where matrix“ Nis composed of P= S - '(J — B) vectors of stoichiometric nhmbers V. Symbol
L(z) represents B linear balances of catalyst active srtes Each v vector corresponds to the re-
action path. Vector W is composed of P reactlon path rates. . ' :
Explicit squtrons of system (3) In terms of reaction graph were obtamed for hnear reac-

tion mechanisms.
Kmetlc polynomlal

‘ The breakthrough in understandmg of non- hnear case happened in early 80 We applied
polynomial elimination theory to 3). New invariant of system (3) was dlscoverea. Itis a
polynomial in-terms of reaction rate w - kirretic polynomial [1]. Kinetic polynomial is resul-
© tant of system (3)inw. Vamshmg of resultant is necessary and sufficient condition of systern
(3) solvability. ' - ,

However, solut1on of many 1mportant problems including numerical calculation of ZEroes
| does not requrre the explicit expressron of resultant. The matrix can be built instead. The van-

1shmg of its determmam 18 condltron of system (3) solvabrhty
Matrlx form of kmetxc poly nomial

Vanishing of theldetermmant of the following matrix is necessary and sufficient condi-

tion for w to be the steady state rate of two-stage impact mechanism.

0 r2 2 21 0 -2

d 1 1 6 0 0
6 -1 0 I 1 0
dt 0 0 -1 o0 1 I =0 @
w2 2 0 0 0 |
0 2w 0 2 -2 0
. et |
2 (4’(}1 ~fI) wh2 + ((f2+r2)"2 + ’4(flf2 +r1r2)) w+ rlr2°2 - fIf212) = 0, (5

where f1,/2,r1,r2 are kinetic parameters (reaction weights) of stages.
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 Equation (5) is eqmvalem to the kinetic polynomial expressmn from [1] to. multxpher in-
dependent of w. ' ; '
“We will dlscuss the propertles [2] of family of matrices similar to matrix (4) as well as

methods of their generatlon
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, INTENSIFICATION OF PROCESSES OF TECHNOLOGY OF ZEOLITES WITH
~ THE HELP PULSATION STRING TYPE REACTORS '

A.V. Shumovsky, L.S. Nam, B.K. Nefedov*

Mzmsz‘ry of industry, science and technology of Russia, Moscow
*«Formika- R» Belgorod

In master schedules of production of zeoliteS'the agitators with a mechanlcal agitation
with lacks mherent in them, - nonunitonmty mass- and heat mterchange on volurne basis of
reactionary bulk are widely applied, that largely influences quallty of termination products i

The authors carried out jobs on technology of zeolites with use on operations of crystal-
_lization and neutralization strmg type pulsation reactors. The tests in conditions of a pilot
plant have shown their high performance It has allowed at making industrial technologies of
productions of zeohte such as and for operations of crystallization and neutralization of sus-
kpensron of zeolite to develop and to mtroduce pulsation string type reactors.

In pulsation string type reactor being a means of theoretical replacement the recrproca-

- tion of hydrogel on cut is converted in iotational and the sign of rotation of a medium on

each next plate is opposite. It promotes shapmg of conditions of its - hornogeneity on chemical
- composition and temperature in all reactionary volume. The homogeneity of a medium on it,
deﬁning arguments of CryStallizatioii of v'zeolites, causes also uniform vintemal -diffusive
masstransfer, resulting into’ shaping'of chips rather close on the sizes. In particular the con-
tents of fragments from 1 up to 5 microns w1ll increase up to > 60 % as contrasted to 40 % at :
crystallization in a means with an agitator e ‘

* The kinetics of crystall1zat1on of zeolites is hmited by 1nternal diffuswn and the 1ntens1ty
of stirring renders mﬂuence only on repressmg of 1nﬂuence internal diffuswe factor, close to
nongradient the temperature schedule of pulsation crystallmation results also n acceleration
of process of mass transfer and propagation of chips and, thereby, to a diminution of drirati_on _
of process. The received outcomes have shown, that the time of crystallization of zeolite can
be reduced till 1,0-1.5 hours.

The effect of homogenization mass- and heattransfer at crystallization of zeolites in a
pulsation reactor revealed in the present job, allows to recommend it as the equipment, most
applicable for accomplishment of master schedules of receiving of zeolites. | k |

| The use conditions of zeolites as adsorbents, catalyzators or ionexcangers require their

express preparation after a stage of hydrothermal crystallization; separation of zeolite from
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‘exuberant alkah and scrubbing action. As a rule, it is consrdered acceptable, if the hydrogen

ion exponent of an aqueous extract of zeoltte after thls operatlon pH = 10 5- ll that corre-
sponds to percentage by werght NaOH 0,3-0. 6 g/l.

' The most w1despread method of separatron of zeolite from alkali is the decantatron ﬁl-
tratmg and scrubbing action. The experlence drsplays that for achrevement of demanded :
completeness of scrubbing actlon it is necessary to utillize rather fair quantrtres of water: at
' scrubbmg actlon on the packed bed not less than 6-8 Volumes 1t is per unit mass of zeolite, at
decantauon 10-12 and more. In outcome the major volumes an alcahnous waste - code con-
tammg alurrnruum and srhc1u1n in the dlluted klnd are formed The processrng and salvagmg
of such outlet requlres essentlal caprtal mvestrnents more energy consumptlon and is ecol-
ogrcally unsafe. ' : ,

The authors have apphed a pulsatlon string w1th a drstr1but1ve nozzle to reahzanon of
'process of neutrahzatron of suspensron of zeohte such as and ﬂue gases contalnrng dioxide of
carbon. The passage through suspensron of flue gases contamrng 10 % about was estabhshed |
that COZ, is‘not accompamed by a little notxceable exothermic effect 1n outcome pH was re-
dueed up to 10 2-11.0. For development of 1ndustr1al technology this altematrve as most €co- .
nomrcally favourable and snnphfymg instrument decor of the site of neutrahzatlon wasﬂ
elected | ' S '
~The complex of the carrled out exploratrons has allowed to create on Shebekmo cheml-
cal factory the plant on productlon of zeohte NaA component synthetrc detergents start~up
and assrmrlatron by which one have conﬁrrned servrceabrhty of pulsatron meanses. The new
' product1on technology of zeolite NaA drffers by the reduced spe01ﬁc consumptron of materi-
als d1m1nut10n energy and expendrtures of labour possrbrhty of orgamaatron of a contlnuous' ‘
process sharp 1ntensrﬁcat10n of the basrc stages of process. She provrdes recemng zeohte
NaA, property, havmg a cornplex 1ndlspensable for use it in quahty a component of deter-

gents.
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Introductimi »

The mvesugatlon of chaotlc reactlon rate oscﬂlatlons can pr0v1de additional information
‘about the reactlon mechamsm The identification of the transmon from regular to chaDtlc 0s-
cillations is one of the most sxgmﬁcant problems in this field. While all three ‘well-known
routes to ehaos were suceessfully detected in the h,om‘egeneous catalytic Belousov{ Zhabotin-
skii reaction; it is more difficult to-observe and eXamine the transition to chaos in heterogene-
ous catalytic Systems, The main reason is the drift of the catalyst activity which makes it
difficult to follow and analyse the phenomenon unarﬂbiguously. Another reaéon could be the
very small region of experimental parameters in which the transition to chaotic behaviour can
- take place. The first and up to now the(v)‘nly identification of a transition to chaos via period
doublings has been demonstrated for kinefic, oscillations in the catalytic CO oxidaﬁon;on a
well-defined Pt(110) surface under UHV conditions [1] The present work is devoted to the
study of the transition to chaos durmg CO ox1dat10n ona supported Pd catalyst at atmospheric |

pressure

Experimental Results and Discussion ;

The dynamic behaviour of the system has been studled in a continuous flow glass reactor
under conditions of good m1x1ng. The catalyst was applied under shallow bed conditions on a
glass frit in the reactor. The reaction mixture was fed intyoythe reactor with a flow rate of 150
.cm3 /min. The outlet CO, CO, concentrations Were measured by IR analyser URAS 10E. The
‘data obtained for CO, CO, concentrations and catalyst temperature were dlgltlSCd with a sam-
phng time 0.1 s. '

The catalyst consisted of palladlum dispersed within the cavities of a Faujasite X type
zeolite. The. average diameter of the Pd particles was 10 nm. The Pd loading was 0.05 wt %.
Details of the experimental proce’dﬁre can be found inreference 2. '

Regular oscillations have been observed at 503 K in the case of an oxidised catalyst,

when the reaction miXture ‘,contained 0.3 vol.% CO, 20 % of Oy and N, as a balance. The CO
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concentration played the role of a bifurcation parameter and increasingly complex oscillatory
behaviour has been detected after a slow mcrease of the CO inlet concentration with very -

‘small steps (0.02-0. 04%)
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Figure 1. Increasing complexity of the reaction rate oscillatior}s with increasing CO concentration.

Fig. 1 dembnstrates that the systém undergoes a séquence of tranéitions from regular to
more complex temporal behaviour. The regular oscillations destabilize at Cco= 0.34%, when
the ‘periodic state Seems to be'r’ahdomly disrupted by : shdrt “burst”. It can be seen, that with
increasing CO concentration the 1rregu1ar bursts become more and more frequent until fully: -
developed aperlodlc behavmur is. eventually reached at CO concentration equal to 0.4%. The

calculations of the largest Lyapunov exponent A by the Rosenstein -method for the time series,
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correspondmg t0 0.4% CO produce a value A=0. 08 bit/s: The posmve value of A indicates an

exponential d1vergence of nearby trajectorles on the attractor which i is'the main charactens’uc‘ :
of chaos. No s1gns of the torus destructlon or the period doublmg can be detected by visual i 1n-
spection of the tlme series, presented in Figure 1. This suggests mterrmttency as a candldate’
for the route to chaos. The intermittency scenario is characterised by the existence: of regular
(1am1nar) phases along the evolution of a system varlable mterrupted by bursts of xrregular
behaviour. Flgure 2 shows Fourier power spectra, correqpondxng to the time series, presented

inFig. 1.

24 0.32% CO

SR S i

2 0.40% CO'

Log(lnfensity)

2 0.42% GO -

0.44% CO

, 1 . 1
0.0 0.1 0.2

frequency (s™)

Figure 2. Fourier power spectra, corresponding to the time series, presented in Fig. 1.

Figure 2 shows that during the transition from regular to chaotic oscillations ‘with in-
creasing the inlet CO concentration no new peaks appear‘in the spectrum. This is an identifi-
cation of the transition to type I intermitiency chaos, during which the power spectrum -
changes continuously from a delta funcﬁdn to a broadened peak [3]. All types of an intermit-

tency route to chaos can also be distinquished by the analysis of a one-dimensional reduced
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Pomcare map. The main charactenstlc of an 1nterm1ttency type I'route to chaos 18 thc tangent
bifurcation due to which the system switches back and forth between a ghost periodic orbit
~ and sudden bursts of chaotlc behaviour. The return map for this case can be approximated by -
a quadranc polynom. Figure 3 demonstrates that the overall shape of the reconstructed next- |
‘minimum map for the,0.4% CO time series is almost the same as the theoretical model map

for type I intermittency.
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Flgure 3. The next minimum maps for the time series 0 4%.
The dashed line deplcts the fitting polynom.

Conclusions
The intermittency 1 type route to chaos has been identified in the case of the CO oxida-~
tion over a Pd zeolite catalyst by analysing the variation of the Pourler power spectra and the

- Poincare sectlon with the CO concentration.
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SPIRAL WAVES IN THE MONTE CARLO MODEL OF CO OXIDATION

" OVER Pd(110) CAUSED BY SYNCHRONIZATION VIA CO,4; DIFFUSION
- BETWEEN DIFFERENT PARTS OF CATALYTIC SURFACE
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The mechamsm of synchronmatron of local oscrllators is one of the fundamental prob-
lems: arrsmg when studying the oscrllatory behavror of heterogeneous catalytic reactrons [1]
~ The isothermal kinetic oscillations in dlfferent oxidation reactions are observed as arule {1 2]
i on the supported metals and on metal tips consrdered as.a superposmon of the interrelated
| ‘'single crystal nanoplanes In this case the surface diffusion of the adsorbed species can be re-
- sponsible for the synchromzatlon of local oscrllators In our contribution we shall consider the
possrble consequences of the several catalytic 'surface sections eouphng (1n our case tha* is' the
surface of Pd(110)) exhibiting the 5urface wave behavior with some trme shift in the perrod of
osullanons. The analysrs kshould be provided by medns of statrsucal lattice ‘modehng ,(dy-
namic Monte Carlo DMC) of the CO oxidation reaction over Pd(110). The followmg reac-

tion mechamsm based on our FFM data was used in srmulatron [3):

1) OZ(gas) + 2* —=2 2Oads k : 4) Oadv + *, ‘9 [*Oss]
2) COgs + * > CO4s o 5) COadg + [*OSS] — CO;QGS) +2 x4 4,
3) C’Ogds + O_ads Ba COZ(gas) + 2% : 6) COgas + [ *Oss] <—)[ Coads *Oss_/ :

| ) [COus Oss] — COngag +#+#,

In this model the oscillations and surface waves of adsorbed specieS’ar'e‘deterrnirred by
purc]y kinetic reasons and are not aesocrated w1th trigger switching of catalytrc and adsorptron
propemes in the course of the reaction. The dens1ty of [#0] in the adsorbed layer controls
the reaction behavror due to the change of O, or CO priority during the competrtlon. of their
adsorption. Diffusion of COguqs over the centers # and [ 54055 . 1s very important'for the syn-
chronization between local parts of the Surface The slow steps of formation (step 4) and es-
pecrally consumpnon of subsurface oxygen (steps.5 and 7 restorlng the centers for O,
drssocratrve adsorption) play the decrsrve role in the appearance of oscrllatory dynamrcs Both

the surface waves of adsorbed species and the presence of the narrow reaction zone between
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the moving islands of .adsorbates had been observed by simulation of the dynarmcs of this
] model [ref. 3 where the detalls of the sunulatmn algonthm can be found]

The followmg 51mulat10n experlment had been carrled out to prove the possible conse-
quences of the synchromzatlon between several catalytlc surface parts coupled with CO,y;, dif-
fusmn as was found expenmentallv on 1he Pt tip surface [4]. The whole model surface’ :
(800x8(}0 active centers) was dlvlded 1n1tlally 1nto four square parts «opaque» to. surface dlf- ‘
fusion: north—west (#I) north-east (#2), south-east (#3) south-west (#4). Contrary to [3] the

“lattice has no penodxc boundary condltlons therefme it can serve as a mode] for a palladlum
tip wr[h four Separate Pd(l 10) faces Let us imagine that the oscﬂlatlons on these faces start '
w1th the time shift equals to »1/4 of the period At the chosen set of the pérurueters (see the
cap’uon to the Fig. 1) the perlod of oscillations has the value ~ 500 Monte Carlo steps [1]and

' so the reaction m section #1 starts at ,-

“0.-MCs, in | section #2 - at‘lZS»MCs,‘ =
in section #3 - at 250 MCs, ’.and in
section'#’4_- at 375 M‘Cs (Fig. 1).

Then the 'reaction',o'scillates sepa-

‘rately over the time of 2000 MCs

(Fi'g.ﬁl)‘ In the course of this time -

interval - the autowave processes in

sections 1-4- were observed with a

shape of propagating oxygen islands

(high reaction rate) changing by the

CO,y; coverage blocking the surface

(low reaction rate). The overall re-

# e T T T AREORGn peasie oo | by
4] . 2000 4000 6000 - 2000 16000
: : Time,; MCs-- - :

action rate on the whole surface Wiy

“in this time remainsjapproximately

Fvg 1. Dynamscs of the specsﬂc rate of CO, formatlon on - FRET . o
" ‘the separate sections of the surface (W,—W4) constant (Fig. 1). But after the 2000

k,and on the whole surface (Wiy) at ky = 1 ko =1, ‘MCs we eliminate the borders be-

k2~02 k4—003 k5—-001 ks =1, K5—05 :

ks =0.02 (s ) The reaction 3 proceeds immedi-

ately as so0n as Oags and COuys appear in the  «transparent» for -the COgds’ diffu-

tween the sections. and make it

situation of nearest neighborhood. Parameter of
the dtﬁusnon cycle M = 50

sion. -

o0




Fig. 3. The local intensity of CO, formation at the 9750 MCs
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The synchronlzatmn leads first, to the decreasmg by 1 5 2 times of the penod of oscﬂla—
tions (Fig. 1), and second to the appeanng of sp1ra1 waves over the Whole surface (F igs. 2 and
3.1t should be emphas1zed that this i is excluswely the consequence of our snnulatlon strategy
descrlbed above. If from the very begxnmng we started the s1mulat10n on the whole surface
wrthout boundarres between different parts we should obtaln the synchronous oscillations
‘with the same period ~ 500 MCs accompanled mthautowave processes over the whole sur-

face (propagating Ouds islands alterin‘g”“by COMS blocking) The Spiral ‘motion'arises in our

model from the time shift in the pertod between dlfferent parts of osc1llat1ng catalytic surface -

when to the moment of the communlcatlon via C()m;s dlffusmn the neighboring sections have
differing composition of the adsorbed layer The colhdmg oxygen 1s1ands propagatmg from
one section to another form the splral waves on the surface } ;

The shape of the sprral waves is represented m F1gs 2 and 3. The Iocal dlstrlbutron of the '
intensity of COz formation i is deplcted in these ﬁgures (the 1ate 1ntens1ty is reﬂected by the
greyscale), but it could imagine the composmon of the adsorbed layer correspondmg to these
.ﬁgures The CO, formatlon rate is mlmmdl w1th1n the COmLv adlayer it is intermediate within
Oads adlayer, and the rnax1mal 1ntens1ty of C02 productlon ex1sts right in the «reaction zone -
on the ‘boundaries of the propagatmg oxygen 1slands where the local concentratlon of the free

actlve centers is ma)nmal ‘The exrstcnce of the «reactlon zone» was found. expenmentally
(ﬁeld ion probe~hole nncroscopy techmque w1th 5 A resolutlon) in {5].
| _ In this work a comparrson of non—hnear phenomena in CO ox1dat10n on a flat Pd(110)
surface and several 1ndependent parts of P_d_(_l_ 10_)7-~surface coupled by CO.ys d1ffus1on has been
, p'resented in an attempt to bridge the gap' between sfngle crystals and supported metals.
The presentation will be accompanled by the expenmenta} and computer movies illus-
' tratmg the non- -linear dynamics. on the catalytlc surfaces

INTAS Gram‘ #99-01 882 and RF BR Czrant # 99-03 32433 supporred this study.
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- THE LOW-TEMPERATURE RFDUCTION OF Pd-DOPED TRANSITION METAL ‘
’ ‘ OXIDES SURFACE WITH HYDROGEN -
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| Instttute of Metal Physzcs NASU Kzev Ukrame
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Effective hydrogen absorbers operating. under vacuum and low-temperature condmons
are necessary m cryogenic technology Mainly systems usmg Ag, Pd or Pt ox1des are sug-
gested as such getters The use of transition metal oxides is promising for these purposes The
main interest to the metal ox1de dopmg with noble metal is due to its effect on actmty and ‘r
selectivity in heterogeneous catalytic reaction. | o

In the preSent paper the effect of Pd has been shown overa nnmber of t'rnnsition m‘eféﬂ
oxides in hydrogen reduction in the temperature range of 77-330 K. Hydrogen absorption was‘ |
studied in a static vacuum apparatus 'from the pressure drop in a known volume with rernoyal
. of the reaction product (H,O) by freezing atrapat 77 K. k sl
o The tole of Pd has been investigated with respect to the oxides characterised by weak and
rather strong oXyigen—lattice bond alike. MoQO3;, WOs3, Cr;03, Fe03, Cu0, V,0s, h’[nOz_have
-~ been chosen. :qure oxides, Fe;0; and Cry03, commence getting reduced af 470 K, MQO3,‘ WO,
and V,0s — at 700 K. As follows from Table 1, promotion of 0.3-0.5 wt.% Pd results in the
oxides initial hydrogen reduction tcmperature plummeting by hnndreds degrees,'and‘ they be- v’ |
came capable t’o‘ react with’hydrogen at temperatures 293 K (Tahle 1), introduction of 0.5 wt.
% Pd leads to grow of capacny in 15-100 time. - e |

The state of Pd on the surface of Co304 has been 1nvest1gated by X-ray. photoelectron
Spectroscopy {XPS) techmque ‘and electron mlcroscopy 1n conjunctlon wrth an - energy-
dispersive spectroscopy. Pd on the surface of the oxrdes has been found to be umformly dis-
tributed as clusters no larger than 40 A in size. Using XPS technique it has been shown, that
initial state of the Pd is PdOz (binding energy 337;4 eV). Upon exposure to"hydrogen the
binding energy for Pd (3d sp) is 335,7_ev, which is higher than that for the metallic Pd but
lower than that for Pd". On the data obtained the conclusion is drawn that catalytically active
form is an oxide cluster incorporating partially reduced Pd-chemically bonded to the oxide.
During the initial interaction of Pd-doped oxides and hydrogen a partial reduction of Pd oc-
curs. Tn this form an oxide Pd cluster makes a catalyst. Measurements of the reduction rates of

oxides containing oxidised or reduced Pd clusters bears out the conclusion. Hydrogen adsorp-
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tion kmetlcs on the ox1des surveyed n the range of 230 330 K obeys thc ﬁrst—ordcr equdtron
in hydrogen —dP/dt=KP. _ |

‘ It is known that at hlgh temperatureq the bond energy of surface oxygen mcreases wrth an -
increase of degrce of oxide reductlon and the rate of its removal decrcdscs Our data obtained
for CuQ, (,0304 MnOz shows ‘that analogous regularmes are also observed at reduced tem-
peratures and pressures. For example, rate of hydrogen reaction wrth oxide depends signifi-
canﬂy on the oxygen content. in surface Iayer removal from the CuQO surface at room
temperature of all 0.02 % of the monolayer lowers by 2 times the specific reaction rate con-
stant. The activation energy of the reaction increases from 31 kJ ~molef} for the oxidised sam-
ple to 47 kJmole™ upon removed of0.0S %:of an oxygcn »1nonolayer,"A value of Egd, equal to
60 kJ mole™, is presented for a stable opercmng copper oxide surface and a value of 72
kJ: "nole is presented for a partially reduced surface (1 % of the monolayer was removed).

This indicates the‘pronounced,heterogeneity, of the copper oxide surface:,evldently accordmg-
to data of the sbtablei operaﬁng CuO surfacc has an 0,08 % degree of reduction. - |

For Co030; the activation energy increases, which is due to the surface oxygen energy
nonuniformity and the bond of the oxygen 1o be removed became increasingly stronger as the
oxibdc‘is reduced. FQI-Pd-CO304, when 6k-‘8fpercent of the 'oxygen:n]onolayer is remOved the
reaction rate constant doubles, 'wi‘th the activation energy falling from 39 to 8 kJ/mol. Such
reduction process of Pd-doped oxides indicates the cataly’tic character of the action Pd exerts
in- the range of. 230 330 K (Table 2). We: Watched similar effect for MnO; and Pd- MnOz.
(Table 3). |

‘Two regions are clearly traced in the bsvtudied temperature range with different dependence
of the reaction rate on tcmpcrature: the normal Arrhenius dependence in- the region 230 ~
330 K and an anomalous dependence at 77-220 K. The reaction rate not only does 1ot de-
crease 1n the second region with a decrease in temperature, but remains constant, and in cer-.
tain cases even slightly increases.

The activation energy of the pure cobalt (II, IIl) oxide reduction in the interval of 230~
330 K amounts to 12 18 k- mole ; while it is 8-10 kJ- mole for the palladmed sample; in'the
interval of 77-230 K Zero Or even negative activation energy is observed on both samples the'
value of which is-in the limits of the measurement accuracy of this quantity. Similar effect for
Pd-MnO, forx (reduction steps)=100 % (Table 3).

At sufﬁciently‘ loW temperature (77-210 K) the change in pressure with tvimc ocecurs ac-

cording to the law P=AlInt. The observed kinetics of the process in low-temperature region is
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charactenstlcs for processes occurring by a tunnel mechamsm Adsorptlon of hydrogen on
the syntheSIZed Co304 can occur on O defects, cationic vacancies, or geometrlcally corre-
. spondmg Co™ -O centres » i

- On palladlzed C03O4 and MnOz samples the reaction rate in the region of reduetlon by a
tunnelhng mechamsm Is 4 5 times greater than on the pure sample as a result of fac1htat10n of
| ,v atom1satlon of hydrogcn on the partially reduced Pd ions. The nature of tunnellmg partlcles‘
(electron, proton and hydrogen atom) can be detemnned from data on the kmetlc 1sotope ef-
fect. In the case of tunnelhng of a proton or hydrogen atom substitution of hydrogen by deute-
rmm should lead to a sharp decrease in the reductlon rate and to an increase in the klnetlc :
1sotope effect by several orders of magmtude | '

; :bepermlent_s,, carried out with deuterium, showed_ that the kinetic isotope effect does not
change significantly upon going from high (270-330 K) to low (77-220 K) temperature both
- for pure Co304 and for the Pd-containing sample: Kp: KH =1.4-2.0. The hypothesm concemmg
, 'tunnelhno of an electron also agrees with the quite broad range of the tunnel effect (77 2220
K). The obtamed data do not exc]ude the spillover of hydrogen from Pd oxide clusters to the
oxygen. ' ’

In our view this process can be seen a follows: hydrogen activation occurs on the oxide cluster

containing - paxtiaily reduced ions of Pd - ~Pde... Pd —O—Me4+ 1) H, Pd” - O—Me” i >2H;
2) H°+Pd — PdOJrH0 (HTe) Then proton passes via splllover to the oxide's oxygen 3) H +
O s OH ; 4) H + OH g HzO Reduction of the ox1de metal Me™ occurs during
electron tunnelhng from Pd® to Me"": 5) Pd° + Me"™" ---mv Pd MV,

In all appearances, in the case of Pd -doped omdes it is pre(:lsely electron tunnelhng that ’
governs the reduction rate at 77 - 220 K; dlsruptlon of Pd-H lmkage and hydrogen-to- oxxde S

oxygen splllover probably play a minor role in this temperature region.

Table 1. |

Oxide Surface S, m’/g The temperature initial period Capaelty H;,

. o reduction, K v em’ /g(Pm—O 700 kPa)

Pd- wo3 . 250 ' 293 0,01

MoOs | - 3 700 '
Pd-MoO; | - 3 ' i ’ 293 0,01

V,05 T 693 .
Pd-V,0s | . 11 : L 293 0,01

CuO 100 300 3

Pd-CuQ 100 o 293 50
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293

15

€004 140
“Pd- Co;04 135 293 180
© MnO, | 180 293 2,5
 Pd-MnO, | 180 293 286
PO - 293 110
AgO 1,3 -293 1,5
' Table 2.
o Co;0; Pd-Cos0,
Xl% : L | 2 8 . 4.1 -2 :
K10 ¢ m Eo, k/mole K10%, ¢ m E kI/mole
0 200 18,0 160 39,0
03 152 - 17,1 o
1,0 11,3 25,7 18,4 25,7
2.5 7.2 31,8 20,6 18,0
50 3.8 39,0 22,5 11,6
8,5 22 43,0 2300 90
10,0 1,2 451 248 8.1
160 0,8 45,0 25,1 8,0
Table 3.
: i MnO, Pd- MO, ‘
K X, % PRI - Tt 2 :
N v K10% ¢ 'm FE.is, kl/mole K107, ¢'m™: . Fai, kI/mole
0,0 13,00 176 R S 380
04 3,60 27,3 36,2 25,6
0,7 “ - 58,0 242
19 220 - 60,0 250
5 24 | 0,40 - .
295 3,3 0,10 - - 61,7 25,0
5,1 0,08 37,6 68,8 21,2
10,0 0,04 41,8 22 212
12,0 0,00 - 102,0° 24,0
23,4 0,00 : 138,0 19,0
| 100,0 L - 290,0 150
273 100,0 - - 206,0 e
206 100,0 - - 148,0 15,0
163 100,0 - - 52,0 e
77 100,0 - - 36,0 05
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" Let us consrder a nonhnear boundary value problem whlch has the followmg vector .
form: i : .
xe [abl, dy/dx~f(x,y Q. @Y.
Here f and g are sufﬁcrently smooth vector functions on their arguments Q isa scalar pa-
rameter dependrng on which the solutlon of the boundary value problem ¥(%,Q), Q € [Qo, 0] v‘
has been mvestlgated Introducrng the spatral curve Lo for every Q € [Qq, O] 1 the plots ¥(x,Q)
in (N+1) -dimensional Euclidean space (x.y) are believed to form the surface S by contrnuous
: llvarratlon_Q parameter. Then the same value Q may correspond to several spatial curyesv Lo
belonging to the surface S. hr this case the square ¢ of the atrib S bounded by plots- of the so-
lutions y(x, Qo) and y(x Q) plays. the role of the universal parameter of the problem S0 y(x,0)

isa one-valued vector functron

We propose the followmg algorithm 'of continuation by a parameter. In accordance with
the concept of the‘ortbogonal sweep methorl by S.K.Godtmov, we split the interval fa,blonx

' intom parts: ' ’ ]

a #x1<xz< <Xm+1 =D, SUTACEEE | (2)

and consider a nurnber of the Cauchy problems

- dy/dx=fxy,Q)s Yhex = B
dV/Ax=AMV, Vo, =L o @
AWAXARWAR(X), Wher =0, B

_ - xelx,xml, iﬁl,.r.,m,"_ |
where A(x) = f, (6y(x.Q\Q), R(X) = fo (,7(x.Q),Q), 1 is an identity matrix. By the multiple
shooting method we require that the functions y(x,Q, p‘ ?) determined by the Cauchy prob-
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lems (3) should represent the solutlon to the boundary value problem (l) i.e. satisfy the

boundary condruons as well as those of contmurty in the mesh pomts (2). Asa result, we have

nonlinear equatlon systems, - L ‘ . '
(I)[”‘g(p“) mﬂ.)'Q)“‘O '

o =y, Q. p" ) -ptV =0,

i=23,.mtl,

or : o ;
o(p,Q) =0, o (6)

to detenhine the componentspj( ) of 'the vectors p("- ) =1, ...;'m+1, j=l, ..., N. Here p 1s a

combined vector formed by the vectors p' V™D and @ is a combined vector formed

by the vectors (I)( t ), 0 ™1) If the plot of the solution to the boundary yalueproblem 1

y“y(x Q) is the smooth surface in the (N+1)- drmensmnal space, the plot of solution to the :

system (6) p=p(Q) will be a smooth spatlal eurve T'q. The Cauchy problems (3) — (5) enable

 the solution to the system (6) by Newton’s method to be found. Regular choice of the ehrrent

, parame'ter an*long the components of vector p in the process of solution cont’ihuation; ie. pa-

| rameterization, permits one to construct I'g numerically mcludmg the. possrble “turning”

pomts for several values Q.

The method proposed is used as a ba51s for software package BPR—Q the ﬁrst version
being developed i in 1985. Many problems, demandmg the immediate adaptatlon of the nu-
merical method tor various apph.catlons, including the stationary catalytic processes in the
’catalytic particle and the reactors brought about fhe developmeht of BPR-Q-package. The to- |
tality of experience has proved high efficiency of this package. For details, see [Fadeev et al,
1998]. List of references pomts to the comprehensive practlce of usmg the BPR-Q package in

appllcat1ons

‘The other packages for the numerical study of nonlinear problems are known to exist.
Here alternative methods are used for the construction discrete models (for eXample, colloca-
tion methods with the orthogonal polynomials) and solution continuation. Comparison of
various complexes is hampered in particular, due to the lack of access to the program texts.
Nevertheless we can point to a number of mathemat1cal models studled by BPR-Q as tests for
comparison of various approaches They are boundary value problems with multiple solu-
t1ons inner boundary layers movmg in the process of solutlon continuation, deterrmnauon of
the initial approx1matron and the cho1ce of the initial posrtlon etc. Such pecuharltles of the

rnathematrcal models can hamper the application of the software complexes in which the pa-
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‘ rametenzatron or mesh adaptatron or transrtron from one model parameter to another etc are

not provrded

- At present. we can offer the modern 'BPR-Q-package version :designed in standard
WINDOWS-style with the,d.etail “help”; The user interface has been develo‘p_ed by means of
Integrated development environment (IDE) DELPHI.
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Mathematical models describing various"‘eatalytic,processes,_as,‘,é_rule, belon_g to the class'
~of autonomous dequation systems. An bimportant sfage of investigatio.n of such models 1s de-
termination,of key chara’Cter’istic;s of their behavior for appropriate m‘odeik parameters, ‘It is
necessary to apply the spec1ﬁc methods and 1echn1ques '
| It this paper, we describe the software package STEP designed for the complex study of
nonlinear equations systems and autonomous systems of general’ type. Problem of numencal» ,
study of autonomous systems is used in many applications such as the mathematical modeling
o’f.catalyticvreactions, biological processes, physicali problems and mechalncs;"‘The basic pur-
pose therewith is to detect the nonlinear‘phenomena described By the mathematical model,
‘namely detectlon of the model parameters, characterized by the oscillations, 1nvest1gat10n of
statlonary solutlons (1 €. solutlons fo nonlinear equatlons systems), mult1p11c1ty of solutions .
and high pa,rametrlc sensitivity in their nelghborhood,; etc. Thorough parametric analys;s of
antb'nomous System behavier includingD the-determination of thev stationary solutions is possi-
ble only for some models In general, investigation of autonomous systems forN ordlnary dif-
ferential equations - ’ , |
dy/dt—f(y,a) e )
where a is a model parameter, beal a numierical experlment character The methods not ac-
countmg for the spec1ﬁc nature of nght hands of system allow :
B e to construct numerlcally the dependence y(o) of statlonary solutions to the system -
f(y,oc) =0, - - . 2)
by the contmuatlon parameter method and to ﬁnd 51multaneously the a-reg1ons of mul-
tiple solutions; B ’ "
o 1o determine their stability and locate the points on the stationary soyluytions ‘diagram,

where unstable stationary solution pasées _into a stable limit cycle (Hoph bifurcation),

m
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‘e to obtain the oscrllatrons by integrating the autonomous system or to seek of the start»_
stationary solutlon by the continuation parameter method,; |

e to detect ai-regions, in whlch all stationary solutrons are unstable. For autonomous system -
it means the self-excitation of oscillations for arbitrary initial data. o -
The software package STEP represents a powerful tool 'for‘ realization of above-

| mentroned points. This package was developed by research group headed by professor

Fadeev. The package STEP is based on the orrgrnal dlgonthms suggested in the Sobolev In-

stitute of Mathematrcs (N ovosibirsk), mcludmg the method of continuation of statronary so-

lutrons by a parameter technique - of determmatlon of statlonary solution - stabrllty and

i mtegratwn of stiff autonomous system.

Brief 'descrrptlon of algorithms ,

‘Nonlinear system (2) is supposed to. be presented by the smooth spatlal curve S and,
therefore only- smgular pomts of “turn” type take. place -there in numerrcal construct-mg S.
Here the Jacobi matrix fy(y,00) is degenerated. Since under the assumption that the rank (N x
(N +l))-matrix [(y,a), fuly,e)] would be always equal to N in the. neiﬁhborhood of S, then by
the implicit functron theorem such component p of combmed vector (y,oc) could be found
that fx,1) # 0, where x isa vector (y,o)) without the component 1. Tt means that the solutlon
to system (2) can be contmued to one step by the parameter i, which will be called a current
| parameter It the solutlon is found for the current parameter X, then the choice’ of novel cur- "
rent parameter u is strpulated by the normalrzatlon of the solution derivatives with respect to
kLet‘” ki e i '
| | dxe/dh | =max ( [dyy/dALldya/dAL...|dyw/dALdo/dA]).

Then B=Xk. Herewith, the quantities

- | dyl/dp [ = |dy;/dA] / {dxk/dkl i=1,2,...N, ldoc/dtr] ldo:/dM / ldxk/dM

are less or equal to l Further, the derlvattves found w1th respect to current parameter b are
used for predlctlon of the mrtlal approxrmatlon n the nerghborhood of u by the Newton s
method ete. ‘ . o ' o

We have used a numerical x-criterion by Godunov—Bulgakov to determme the stabrlrty of
statronary solut1ons in the package It is based on the effectlvc tcchmque of determrmng the

matrrx norm H of the solution to Liapunov matrix equation '

HA+A’ H"

-T2
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~where A fy(y,a) The STEP package contains the methods well suited for the stiff initial

value problems as well namely the sem11mpl1c1t Rosenbrock method of the 2-nd order and

~also Gear algorlthm For detarls see [Fadeev et al, 1998] Llst of references pomts to compre-

hensive practice of usmg the STEP package in apphcatrons

Package STEP runs on IBM- compatlble pcrsonal computers In order to construct thc
mathematical model it is required to mput the expressions for rrght~hands of system, 1.e.‘, the
elements of _vector function f(y,a),kThe elements of matmt [f;,_ fa] are evaluated nume_rically
on the basis of the Richardson approximation. Due to this fact the l-volu’-me- of input informa-
5 tion is considerably decreasedran‘d the model correction related to nuineri'cal*inyestigation of
system (2) dependlng on a parameter proceeds with a. mrmmum efforts ln essence it 1s only. :
| necessary to find out a model parameter that would play a role of a parameter a. Then it is re-
: quir,ed to input the elements of the matrrx £y, ) for_t_he' studymg of stability of autonomous
Sys stem statlonary solutrons e . ’ ’ ' : | | , B

- Software package ST EP has been tested ona great number of problems from drfferent ar-
eas of the applied mathematrcs such as: mathematical simulation in brology and chemical
technology, non-linear osciilations and many other mathematrcal models, describing the proc-
esses, where hystere51s is possible. Package STEP meets the world standards with respect to
efﬁcreqcy and poss1b111t1es in study of the non-linear problems. It is applrcd at the Boreskov |
lnstltute of Catalysis, Siberian Branch of the Russian Academy of ‘Sciences, Novosrb1rsk'
| Karpov Physrcochemlcal Inst1tute Moscow Semenov Institute of Chemical Physics, Mos-
| cow; and other Instltutcs (Russra) for the chemrcal processes study Thrs package is also used
in educatronal process at the Novosibirsk Umversrty (Russia) on speclahty “aneneermg

Chemrstry of the Catalytrc Processes
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Introductlon Investlgatron of relaxation and chaotic oscillations in dlfferent catalytlc
systems has been developed very rapidly during recent years [1 :2]. Our renewed 1nterest in
relaxation oscillations [3] arose from the 1ntroduct10n and use of Non-Standard Ana1y31s in
the study of singular perturbations and in appliedb ptoblems A major claim to fame for Non-
~Standard Analysis is the dlscovcry of a new phe*lomenon in relaxation oscrllattons Whrcn a
group of french mathematxcrans have called “Les Canards” or “Ducks”

In our paper the French Ducks will be chased in one of the mathematlcal models of os-
“cillating heterogeneous catalytic system. The phenomena of chaotic behavior of the heteroge-
rreoas reaction rate which concerns the nature ‘of catalytic system, the rnechanism of chemical
~interactions [2] and the influence of the global error in long-term numerical mtegratlon of or-
dinary dlfferentlal equations [4] as a source of stochastic effects will also be discussed. One of
the most 1mportant propertles of the. determlmsttc chaos i 1s "a sensitive dependence on m1t1a1

conditions".
- Let us consider the mechanism of the heterogeneous reaction of hydrogen oxidation on
metallic catalysts {5,6]: | | ‘ |
H, +2 [Me] < 2 [H Me]
0, +2 [Me] « 2 [0 Me]
2[HMe]+ [OMe] = 3[Me]+H,0 1)
CH;+[OMe] > [Me] +H,0 | | |
[Me,] + [HMe] & [Me, H] + [Me]
[Me,] + [0 Me] <> [Me, O] + [Me] -
Here [Me] and [Mev] are a vacant active site on the catalyst surface and an atom’ in the
' subsurface layer, respectively, [H Me], [O Me] and {MeV H] [MeV O] are hydrogen and _OXY-
gen atoms adsorbed on the surface and dissolved into the subsurface layer of the catalyst We |

shall study the case when the activation energres of the third and fourth reaction steps may
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' depend linearly npon the reagents concentratlons in the subsurface layer and upon the con-
centration of oxygen adsorbed '

Mathematlcal Model The dynarmc behavror of the catalytlc systcm is described by a set

of 6 ordinary dlfferentlal equatlons presentrng the concentrations of hydrogen and. oxygen ad-‘ ‘
sorbed on the metal surface (x; and x7), dissolved into subsurface layer (x; and x4) and being

in the gas phase (x5 and xg):

= 2= =) = o =] %,

xz = 2[k2x‘5(1 ~x] = xz) i k—zx;l - k3(x).x:2x2 - k4(x)x5xz =B ,%;

(1~ x3) k. x3(1 X - %),
A4:‘;k6x2(l,—x4)—k_6x4(l—xl—xz), ed : )

=~5/3 klxs(l ; k x, Af4(x)x5x2}'+‘x50-x‘54, |

5x6 = 5ﬁ[k x(,(l X - xz) xz]+x60 - X -
‘Maoreover, the rate constants of the 3rd and 4th steps are as follows -
- ka(0Tkso exp (a2 Xo F Has X3 ¥ pag Xa), k4(x)=k40 exp (pa2 X2 + a3 X3 + Li44 Xa), :
“awhere the parameters kso, l(4() are positive and py are-real numbers Note that the gradients
of dlssolved reagents are suggested to be small.
. After some srmpllﬁcatlons we can obtam several reduced models keeping the physwal
and chemrcal sense of the catalytic system dynamics and peculiarities being of high impor-
tance to the complex irregular behavior. In that meanmg, a general simplified kinetic model

looks as follows

px=f(xy),  y=g(xyz2), z=¢hxy,z). | 3)
Relaxation oscillations arise when z and € are small parameters, and x=x;, y =Xj Z=X4
(or z=x3) are identified as fast, 1ntermed1ate and slow variables, respectively.

We shall first study a one-parameter dynamical system

=S, L @
w1th the parameter z, 0sz<l. , b | i
We shall establlsh that canard conﬁguratron 1ndeed occur when 0. 44501 7 < z < 2 wrth -
=0, 445233121 773 and we shall give an asymptotic expansmn for the trajectones thal run -

along the stable and unstable mamfolds It turns out that there are two breeds of canards
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Supercritical and Subcntlcal Ducks The main features of the phase-portralts are as

given 1n th 1. A singular pomt of the system (4) is now. stable and there are supercritical

ducks as the one—parameter family of stable limit cycles (curves 2-5, F1g 1) with growing

subcntlcal ducks w1thout heads as unstable limit cycles inside the stable manlfold (curves 2’-

5, Fig. 1). As we increase z further the two cycles coalesce at z. between curves 5 and 5’ Itis

not difficult to see that for z>zc traj ectories splrahze toward the singular point.

In the paper some reascns of chaotic behawor appearence in the system (3) are glven as

well (see F 1g 2) We would like to point out:

v(1) an attractor ofa spec:lal structure is presented in the phase space. of the system

(1) a subreglon on the- attractor exists with a high sensitivity to the initial condltlons, ,
(iii) infinite times the trajectory comes back into this subregion.
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. Figure 2. Phase-portrait of the chaotic behavior in the system (3).

78



IN-7

- THE OSCILLATORY BEHAVIOUR OF NO, (x=% AND 1) REDUCTION
' REACTIONS OVER Pt, Ir AND Rh SINGLE CRYSTAL SURFACES

B.E. Nneuwenhuvs, C A de Wolf R J. H Grisel, S. Carabmelm

' Leiden Institute of Chemzs’tr v, Leiden Umverszty
P.O.Box 9502, 2300 RA Leiden, The Netherlands
tel. (31) 71 5274545; fax (31) 71 5274451
email: b.nieuwe@chem.leidenuniv.nl

Various kinds on 'noﬁ—linear:-behaViour have been 6bsei‘ved_; inclﬁding oscillaﬁons n rate‘b
: and,-selectivify, hystcresis phenomena; surface explo‘s'i‘ovns, chéotiC‘ behaviour and spatiotem-
- poral pattern formation. o |

The ndn-linear-ngcessés'were_ followed both by .gas phésé analysis (MS)‘ and surface
“analysis. Fast XPS experihlents usihg the synchrotron facilities at Trieste were used to meas-
ure the nature and cijncentratiori bf the reIevaht species on the surface during non-linear proc-
esses on Ir, Rh and, very recently, on Pt surfaces. This part of the proj'ectv was done in-
collaboration with A.»Bvaraldi, S.Lizzit and M.Kiskinova (Triestc).

In addition to cxperimehtal studies using varidus techniques, vmathematical modeling
have been applied to ‘elucidate the mechanisms C)f the non-linear processes Up to now the
non-hnear processes have been studied on Pt(l()()) various smgle crystal surfaces of Rh and
Ir, Ru(0001), supported Pt-cerla catalysts and, in addltlon on Rh Ir, Pt and Pd field emitters.

In the present lecture the emphasis wﬁl be on:

a) the spatiotemporal pattern formation observed With almost atomic resélution by ﬁeid
velectron and ion microscopy (FEM and F IM); ,

b) the differences observed in non-linear behaviour on Rh, Irand Pt surfaces, differences
in experimental conditions at which rate synchronized oscillations occur, differences
in oscillations in selectivity (N, NH3 and N;O) and; |

c) in'particular, the differencés in mechanisms, which ﬁave come to light directly as a re-

sult of studying this nOn—Iincar behaviour.
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 In the case of Rh, non-lint‘:arity‘i‘s"related 10 périédic vtrans‘itbiv(v),i‘is :between-N-‘ and O-rich ‘
surfaces, with Ojdéstébilisihg the Néadlayer and céusifig an é;é@elératioh m N2’~prc§ducti§n.

However, in ?hﬁ';-";ase of Pt, the impo,rtanf step_in§qlves_ the ‘creatiofl of vacant sites required

for.NO dissdciaﬁon, whsfﬁby, producfs leaVing the Sﬁrface facilifate_ an aﬁfdéatalytic rise in |
| thé -Qoncentratio‘h of sﬁcﬁ Vﬁcancies and, hencg, ixjeaction rate. Ir pbéiﬁdns itsc;lf kb:etV‘Veén' thé

- former twb,~ becaﬁse oscillvations héve, been observed in .tWo different regimes. B(;th a lower-
temperature Ptzflirke and‘higher—'temperature'_ Rh-like behaviour have been observed on differ-
ent It surthce»s:'Néwreéults géinéd from FEM and FIM meaSuremehté are presented to con-
solidate the lower—temperature Pt-like behaviour, and confirm the dualistic natures of Ir. No
oscillations in rate have beevnv:observedx over Pd(111) or Ru(000 1_').~_The Ru surface exhibits

»selec':tiv‘ity to N, of almost 100% even inllérge‘ excess of ,hyd(')gen. .
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N ONLINEAR CRYSTALLIZATION BEHAVIOR OF HIGHLY
' SUPERSATURATION SYSTEM

LV Melikhov, AYa. 'Gorbatcheyski

Lomonosoy Moscow State University, Chemical Dept., Vorob'evy Gory, Moscow 119899,
- Russia. E-mail: Gorba@radio.chem.msu.ru, Fax: (095) 9328846

~ Crystallization is one of the 'basicv technological phenoment)n. The eXperimental works

demonstrated that the crystallization in highly supersaturated system is characterized by set of

. nonlinear proces>es leadlng to the formatlon of a nanocrystahne phases These processes ‘has

not yet been fully rnvestrgated but a quahtatlve prcturc has been generally estabhshed This
work outlines approaches to the qualitative descrlptron of raprd crystallization.
Model of processes. Crystallization involves a set of processes leading to cluster forma-
~ tion, growth,arid,transfdrmation into crystallites, which then move in the medium. |
' ‘,The system contains- different types of particles: clusters differing in epy number of
molecules in a particle, individual crystallites, and aggrcgates eomposcd of different numbers
—of crystallites. The statev of any particle is characterized by its weight, spatial coordinates, and
center-of-mass velocity {external coordinates), as well as by the,habitus and other internat co-
ordinates. Particles of each kind are characterised by their own distrihution function, related to

the propertres of the mechurn {u;}: ?y (x t) O0°N, ax Bx where Ny is the'number of
particles of kmd k with state parameters no greater than {x;} per. unit volume at time t, p is the
number of permanently varying state parameters under consrderatlon ,

‘Without a priori limitations it should be taken that a partlcle can, with a certain probabll-
ity, pass from any one state to any other state Then

5 ® 5 P |
L 9P Z 5—;{ij‘% - Z ééj; (sz(Pk )} +Qy ( )’ M

ot 5

where Gj; is the rate of the XJ- parameter change, Gy, 1s the fluctuation coefﬁcient Qu(x;,u) 1s
'the rate of the transformation of partlcles of kind k mto another kind of partrcles w1th1n the
allowed range It should also be taken that partrcles ofa glven klnd can nucleate at the lower

boundary of the allows 1nterva1 with the rate

S(uj)' li o i Q( ;2(va\ )} o | FE @

i=1 X

For clusters 3(u;)=0. For crystallites
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S(uj)zso(uj) (C(::;Jm ~l SA-l—N 5(t) ;Wk, , o | S . (3‘).

where Jo(u;;) is the charactensttc rate of spontaneous nucleation, C and C are the current and
equlhbrlum concentrauons (or activities) of molecules of the substance to be. crystalhzed m 1s‘
the ktnetrc order of nucleatlon £ is the volume fractlon occupled by the rnedlum A= 0 at
- C <C and A- l at C >Cw, .NO is the number of forelgn molecules that can serve as nucle1 Wk
' ‘15 the nucleatlon rate for particles of klnd k. % - :
Relatlons (l)—(4) should be supplemented with equatlons descr1b1ng the variations of W)
(concentratmn C, temperature T, and velocity V ) and the mtensmes of external ﬁelds For -
“concentration, we have - ‘ ‘
:f’ggaédNKW?*9@*“*ﬂf§{l9frbﬁki1'* @
- , e _
where D is the diffusion coefﬁcient for molecules of ‘the substance to be crystallized' Qandv
g are the frequencles of attachment and detachment of molecules The solublllty of such crys- v
talhtes is given by ’ , o | L :
oV, v e : , :
‘ C CexPlkT(l 1)l e | S ()
where o is the average surface energy; Vg is the molecular volume, kis the Boltzmanncon-
Stam; and 1y is the Tolman 'leng’th; The growth rate, and the ﬂuctuatlon coefficient for the size

. of a particle can be written in the form

2N 3,6, o i
l+6123 (q f)2 R (1+6123 (MC;}T) o R (6)
q= %kcruﬂ f= nkc)ul . DG

where do and fo are the charactenstrc rates of two- d1mens1onal nuclea‘uon and laterai layer, »
propagation, m is the kinetic order of two-drrnensmnal nucleatxon o
The G“ and Gy of aggregates and Qk(xj,u,) are given by the frequency of patr colhsmns
By solving equations (1)-(7), we find that, if crystallization occurs in a hornogeneous _
suspensmn only one solid phase is formed, aggregates are loose enough for the crystallites to

173

grow further, and (q/f) ">>1 at all /, then, after a 95% decrease in supersaturation, the aver-

age crystallite size is
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‘where S, =C, ic., P = 0.25(m - (m, +5)/3), Cy. is the initial s’el'ution c’ohcentratiOh “The
maximum crystallite size (the largest for the crystalhtes constituting 95% of the total number
of crystalhtes) 1 =1671. |
| Local crystalhzatmn The tendency toward Iocahzatlon w1thm a small regxon of the
system 1S typlcal of rapid crystalhzatlon processes. In th1s case, the region of high supersatu-
ratlon and ex01tat10n levels, where crystalhtes are formed is small in companson with the
‘ volume of the system energy accumulation in a large volume is. prevented by dlss1pat10n It
has been demonstrated by the splvmg of the equations (1)- (7). These equat1on was used to
ahalyze crystallization BaSO4, BaCOj, CaSO4-0.5 HzO in a flowing supersathrated solutionv in
H‘tubular,crystallizer. _ - v o |

: By solving these equatio’ns,under appropriate boundary conditions and fealistic assump-
tions as to the character of the suspens;on motion in the pipeline, we ﬁnd that, in a stationary

process, nucleatmn and crystal growth are localized and part of the pipe lme of length

ve o M s(‘“”‘**‘)“ e

, where Vim. is the flow velocity at the outlet of the cry stalhzer
Relatton (8) descnbes local crystallwation in movmg systems Locahsatwn of crystallme

depots studied in [1-6]. , _ ,
- Stages of process. In highly supersaturated medium, crystalyliiation involves several
stages. In the first stage, nucleation and crystal grc'sWth occur, while_tlte second and subse-
quent stages involve the formation of ‘primary‘, secondary, etc., ordered aggregétes Ali"‘these
processes supenmpose on the forrnauon of d1sodered flocks, Wlthln wh1ch the crystalhtes re-
mam free to move and grow almost as rdpidly asin the unaggreeated state. ‘

| Equation (1) (7) are aphcable to cach stage. As a result of multlstage process, the crys-
»talhzmg product has a multilevel, hierarchic structure_, where each level reflects a particular
stage of the process; as foUhd in studies of the crystallization behavior of many substances
For example, during crystalhzatmn of CaS0-0.5 HzO from a7.3 M H;PO, solutlon with S =
2.6 (3 53 K) and v1gorous stlmng, solution concentratlon was found to change n three stages .
In the ﬁrst stage we observe nucleatlon and growth of prlsmatlc crystalhtes wh1ch attam 100

nm in size within 6 s. The aggregatmn process is accompanied by morpholog»xcal_selecnon of

85



OP-II-I

' densely packed coqﬁguratlons ‘as a result, the aggregates take the form of pnsms These
prisms unite into secondary aggregates, which have a regular shape. After etching or fractur-
ving‘,vthe secondar_yj aggregates are seen to fbe-composed_ of primary.:aggregates, ‘which arein
turn made up of 'crystallites . | | | o | |
In our studles we also observed facmg of aggregates of BaSOq, Can, NH4 Br and Csl
crystalhtes Kmetle of crystallization i in multlphase system studied in [7] ' ’
 The general rule. In highly supersaturated systems erystalhzatlon mvolves a few, ki-
netically self-similar stages. The origin of the self-similarity is that each stage is domlnated by
the nucleatlon and growth of only one kind of particles.
' The poss1b111ty of dlfferent paths bemg realised concurrently reflects the general feature
of crystalhzatlon - variability of this process, which implies that crystallites with different
properties may coexist in the sYstem under seemingly identical conditions, in combination
with fluctuations of the crystalhzatlon rate. e

~This work was supported by the Russian Foundatlon Basic Researc.h (Ne 00- 03 32644)
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The mathematical kmodel dcscribiﬁg this technologicalprdcess involves the. incompressi-
ble Navier-Stokes fequations' for the suspénSion flow as well as concentration trarisport -and
~ deposition law. So, it is necessary to consider m the conjugate formulation the strongly cou-
pled process 1n the suspension flow; solid walls of the reactor of complicated form; incmsté- ,
tions deposmng on the internal surfaces.

Mathemamal model The mathematical model descnbmg this 1echnologlcal process in-
volves the 1ncompressxble Navier-Stokes equatlons for the suspensmn flow as well as con-
centration transport and'depositioﬁ law. So, it is necessary to consider in the conjugate
formulation the strongly coupled process in: the .suspenSiQn flow; solid walls of the réactor of
complicated form; incrustations depositing on the internal surfaces and heavin g porous media -
properties. o ’ | '

Heat & Mass Transfer. The processes of convective mass transfer are considered here
in the framework of the following assumptions. Analysis of conjugate heat and mass transfer
is conducted in 2D formulation on the basis of dimensionless incompressible Navier-Stokes

equations coupled with equations of convective transport for temperature and concentration:

—a&} ?ﬁ’f_) ﬁ(v%) - {é{yé}_‘l +’-fmr[y o H .E,-ﬁflv] | | D

ot Ox ox, Re| &\ Fx; j & ﬁx2 ﬁxI
o o) A _1fof on) o) 0 _Gro .
ot Ox ox, = Re| &, ﬁxl ﬁx, 17 Ox, Ré |
5 a_ } v . §
(c,®) (v,c,0) . (re,00) 1 [0 @), 0, gg R
o Ox dx,  RePr|dx\ &) Jdx\ 0Jx
}. &’C 2 é’(vl C)+ é’(vZC') . 1* 0” D oC N J D 17,6 tqe ‘ @
ot Ox dx,  ReSc|dx,\  Ix ) Ix,;\  Ox, i
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where £ is the time X1,X0- cartesran coordmates AR veloc1ty components B dynamic vis-
cos1ty, p-»pressure @ temperature C’ and p concentration and denstty of the solution ?t -
heat conductiVity, D- d1ffus1v1ty Cp- heat capac1ty at fixed pressure, Q@ and g¢ - sources of .
s heat ‘and mass. Here Re Pr Sc - Reynolds Prandtl and Schmrdt numbers respect1vcly,
' whereas additional terms in momentum equations (0, (2) describmg hydrodvnamical drag are -
mtroduced n order to construct homogeneous computational algorithms for complex domams :
using the porous ‘body model | : '

 Model growth The process of deposmon mvolves the mechamsm of layer-by-layer
, growth with' 2- dimensmnal nuc]eation Nucleation rate dependence is proportional to the -
" power of local oversaturaion andits dependency on 1nverse tempe_rature is exponential. The '
shape of monocrystals changes because of rn‘aterial ‘deposition on their surface, Which is de-
scribed by the mass ﬂow density. The problem is “considered in an element of periodic struc-
ture 1nclud1ng halfs of two neighbor domain:

D,,,_

UC (
T ox, ,,pk

-C)G=h/ Sf% s=gfce ) ookl o

t=gfoc)y oelu @ @
| where G is linear local normalvcrystal,growth rate, & — monolayer thickness,v To and fo— char-
~ acteristically nuCleation rate and tangential crystal growth rate, m ~ kinetical order of nuclea-

tion, u,, urenergies of activation and growth local solubility in the curved site of the facet Is

given by Cg=C exp[(c VOK) (k@)] where x — local surface curvature, s — surface en-

ergy, vo volume ofa molecule in-solid phase k Boltsman constant. The temperature equa-
tion is solved in the f.conjugate formulation.sxmultaneously in the whole problem domain
involving the r‘n‘oving solution and rigid-bodies of variable geometry.

Numerical algorithm. To solve equations (1)-(4), an efficient homogeneous numerrcal
algorithm has been developed. The algorithm allows to solve the above con}ugate problem in
the whole domain under consideration varying its form in time due to the depos1tion process.
It is based on the fictitious dornain method i in the wariant with continuation of equation coeffi-
cients at lower derivatives where drag terms are 1ntroduced into hydrodynamics equattons
similar to porous body model [1-3}.

Numerical ‘results. Computattons have been conducted in the element of periodic struc-
ture including i incoming solutron and halfs of two neighbouring crystals changmg their forms

due to material dep0s1t10n process frorn the solution
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Fig.1. Concentration field at t=0.8 | Frg 2 Flow pattern at t=0.8
The 1n1t1al stage of the transient process is characterized by accelerating of the solution
and downstream d1str1but10n of the 1mpur1ty Flgures 1 and 2 demonstrate correspondrngly,
, 1soconcentratrons and flow pattern (streamlmes) at the character tlme moment t-O 8 When the
«concentratlon contour w1th the value equals solub111ty C=0.01 for the ﬁrst time achievs crys-
- tal surfaces ie. deposmon does not yet start and crystals have the rectangular form After thl.;
trme there is appeared the matenal deposmon from the solutwn resulted in changmg of crys-

~ tal forms and its further j Jommg Peculiarities of thls process are govemed by Value 3o

T 1T

| |

T

Plg 3. Concentranon ﬁeld att=1.7 (betta'O 05) Flg 4, Channel form at t“l 7 (betta—() 05)
Flgures 3 and 4 show the state, of this process at moment time t=1, 7 for b 0.05 When the
gap width is about 80% from_ the initial value in the most narrow its part. The first picture
(Fig.3) demonstrates the concentration field whereas in the second one (Fig: 4) there is de-
picted forms of the crystals.‘ At this fast regime of deposition the' growth tak"es ‘place; in fact,

in the vicinity of crystal corners and Yields decreasing'of the impurity_concentrét_ion in the
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dovmstream region. Thus, we have essentmlly nonumform mdterlal dep051t10n along the
V'crystal surfaces that results in the transformation of the gap from the plane form into the lens

Cform.
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’ Flg 5 Channel form at t=11.4 (betta =0, 0005) »

A more slow deposmon regune w1th h=0.0005 indicates a more uniform growth process
F igures 5 show crystals forms at the momem t=11.4, which is characterlzed by the same value
of the gap Wldth about 80% in the most narrow its part m compare w1th the 1n1t1dl state as m‘
the prev1ous case. It is clear that the crystal growth here is practlcally umform for both verti-
cal and horizontal faces.

~Conclusions . | | | ’

The 'priméry characteriétics of the process of cryStal joining in the incoming Solution flow -
have been studied numerically via solving the problem of the conjugate heat and mass transfer
in the solution and rigid g:omhing cryStals. The considered process indicated essentially
nonlinear deperidem’:e of the crystal fofm time-variation on the gOvérning parameters of the
deposition - local solubility and the solution temperature.
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SIMULATION OF LOW MACH NUMBER FLOWS USING
THE QUASI-GAS-DYNAMIC SYSTEM

B.N. Chetverushkin and N.G. Churbanova

Institute for Mathematical Modeling, RAS
4 Miusskaya Square, 125047 Moscow, Russia :
Fax: (095) 972-0723, E-mail: nata@imamod.ru

Numerical simulation of viscous compressible gas flows at low Mach number is of great :
practrcal 1nterest Many industrial prob]ems deal with such kind of ﬂows these are, for exam-
; ple flows in cornbusiron chambers ofa reelprocatmg engme and other combustlon charnbers
environmental problems, flows in chemrcal reactors etc. In the present study heat and fluid
flow phenornena in chemical catalysis reactors are studied numerically. The natural gas is
now available in many parts of the world and so, becomes in wide use for simple molecule
synthesis. The ;rnathematical rnodel deVeloped for this process inelndes both ehernical mecha-
nisrns and hydrodynamical transport. The dynamical processes are characterized by low Mach
numbers (0. 01 0.1), large Reynolds numbers (500- IOOO) and strong lernperature gradients in
the boundary layer. ‘ ’

In this work there is presented a new approach to simulation of ﬂows in dense gases and
liquids. The quasi-gas-dynamic system (QGDS) of equations was successfully used during
many years for efficient modeling of c‘omplex,transonic and supersonic flows [1]. This system
uses the classic ‘Boltzmann equation or the Behatnagar Gross-Kruck model to describe the
distribution function for gas molecules. It is correct enough for the gases of usually and weak
rarefied density. It seems to be more successful to use another assumptlons in the case of
dense gases. ‘ | , '

This paper deals with the similar Quasy-gas-d)fnanlic system based on the Enskog kinetic
" model for dense gases [2]. The Enskog equation for the distribution function was used instead
of Boltzmann equation. The finite-difference scheme was used for computer simulation of gas
- flows in the norizontal chem'rcal reactor. Predictions have been performed in the 2D cartesian
formulation on the basis of the dirnensionless QGDS-equations. The computational domain is
the rectangular. | ’

The left boundary of the computational domain is the inlet with the Poisseilue velocity
profile and fixed temperature; the right boundary is the outlet with the open bonndary condi-
iions (zero normal derivatives for velocity components and temperature), the upper and lower

boundaries are thermally-insulated rigid walls (no-slip, no-permeability velocity conditions)
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with heated Segments of a ﬁxed temperature and umt Iength located at the umt dlstance from
the inlet. The calculanons were performed with Re=500, Mw() 1 and dlfferent temperature re-
01mes (different temperature drops between the mlet and heated segments). The structure of
' the resultmg heat 'md fluid flow and the resultmg temperature gradlents and then‘ dependence

- on different boundary conditions was studled

1. T G. Elizarova: B. N’Chetverushkin IGneticallljf-eonsistent 'di’fferenee sehemes for modelé
1ng flows of a vxscous heat—conductlng gas. J. Comp Math. and Math Phys No.11, 64-
- 75.(1988) b
2. L. W Dorodntcyn B N. Chetverushkm N G. Churbanova Kmetlcally—conswtent dtfference X
" schemes and quasi- gas- dynam1c system - for. modelhng dense gas and hquld ﬂows

L Comp Math. and Math. Phys (to appear)
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" CFD SIMULATIONS OF CONTINUOUS PRECIPITATION OF BARIUM S
SULPHATE IN A STIRRED TANK '

Zdnslaw JAWORSKI"?, Alvmw NIENOWZ

Facully of Chemzcal Engineering, Technical Umverszty of Szczecin, Poland ,
2 School of Chemical Engmeerzng, Unzverszty of Birmingham, UK '

-1 Introductionf o : » ;
The precipitation reaction of barimrl chloride and sodium sulphate was used as a model
reaetlon smce 1t has been widely investigated expenmentally and reported in the literature. In
a recent study, Wong et al (2000) showed that, in the concentration range apphed 1mpe[ler.
speed had a small effect on crystal size and morphology. This result means that the contribu-
tion of ‘mixing to the overall kinetics was niarginal; Herrce,‘micromixing effeots have not been
1ncluded inthe current modelhng ' e
- In the last decade ‘pioneering CbD work was done for 51mp1e precrpltator geometrles “
The first report of a successful CFD srmulatron of precipitation in a stirred tank was by Wei
( 1997) folloWed by a series of papers' be Wei arld Gar'side Irr other studies, e. g Van Leeuwen
| (1998) 51gmﬁcant dlfﬁcultles in obtammg fully converged CrbD solutrons for stirred tank .

premprtators were reported

2. Preclpltatmn model ‘ , o :

- The precipitation model was based on numerrcal solutions of a set of the drfferentral‘
transport equations of momentum, chemical specres and the crystal size distribution moment
“form of the popu]a‘uon balance for the BaSO4 crystals w1th the boundary condrtlons for a

model precipitator.

2.1. Precipiation reactor _
A continuous flow stirred tank reactor (CSTR), of dimensions identical to those applied
by Wei (1997), was modelled in this study. The tank‘ had a diameter of T=0 3m and a flat |
bottom and was filled with solutrons up to H~0 3m. It was equrpped with 4 :,tandard bafﬂes
and a 6~bladed Rushton turbme impeller of dlameter D= 0 10m, located at H/2. Four 1mpeller
speeds were applied; N= 200, 400, 600, 950 rpm. Two feed tubes were s1mu1ated_forfeed1ng
with 0.1M solutio_ns containirrg either BaCl‘z or Na2$O4. The feed rates of the two solutions
. were always the same and in the first part of this study were s‘et“to 18 mL’sWrth trre,net

working volume of 21.2 dm’, the mean residence time was then about 20 minutes (1180 sec-
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onds). The same CSTR was modelled in the second part of thls study with a hlgher feeding
rate, resultmg in the mean residence time of reactants of lOO seconds which was 1dent1cal to
;that in the study of Wei (1997) The feed tubes were Iocated at the free surfdce on the oppo-
site sides of the shaft, mld-way between two nelghbourmg baffles and roughly half way be-
tween the tankaxls“and wall. The reaction mixture exit was located in the centre of the tank.

bottom.

2.2. Model equatmns

The. standard set of the Reynolds Averaged Nav1er-Stokes equatlons accompamed by the

contmulty equatlon and the standard k-g turbulence model w1th Wall functmns were applied

for momentum transfer The transport equattons for all chemlcal entities, of molar concentra-
tion G (1 = Ba, Cl, Na, SOy, BetSOz;), were vsolved for the steady-state condlttons. The equa-
tions had the general form of Eq. (1). ‘ |

dileuCi+Fefgrad(pCt)l=Sa S (1

" The source term, S, for the nonwreactmg 1ons (Cl Na) was set to zero. For the other three
entities, the source terms were equal to the crystal growth rate, Sg, with (+) for. BaSO4 and
with (-) for the Ba and SOy ions. Following the dpproach by Baldyga et al. (1995), the crystal

“growth rate was related to the second moment o_f the crystel size distribution, my, and the
crystal dshape factor kv, Eq. (2).
S =(3 P Basos ’ _ “ '
| = (3m,G)k, Dmset. L (2)
¥paged r

Five crystal size distribution moments, from the 0™ to the 4", were computed from a set

of 5 equations of the population balance, Eq. 3)
dlv[um +F“,rad( )] O"J+jmj;_,lG ' : (3)

 The crystal growth rate G, and the nucleation rate, I, were computed from literature cor-
relations (Baldyga et al., 1995) as functions of the local supersaturation rat10 Local values of
that ratio were determined from local concentration of barium and sulphate ions computed

from the iterative CFD solution of the transport equatxons (1).

2. 3 Numerxcal solutlon
The CFD code used in this study was the structured Fluent™ code version 4.2 and a spe-

cialized preprocessor MixSim™ for stirred tanks. The velocity (u) and turbulence ﬁelds were
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obtained in the first stage of the CFD simulations, assuming a liquid density and Viscosity
equal to those for water. The momentum transfer stage was done using the multrple reference
~ frame option and a direct definition of the 1mpellcr geometry After reachmor convergence, at:'
the sum of normalised residuals below 10, the solution was transferred to the stationary
frame of reference and kept unchanged for the rest of the simulations. The _s’ame,approacn' was
used 1 1n the macromlxmg simulations (e.g., Jaworskr et al., 2000) , . :

Simultaneous solution of five equauons for the chemrcal entities (l) and five equatlons of
- the crystal populatron balance (3) was obtained in the second stage of 51mulat10ns The physr—
cal constants for the equilibrium and kinetic equatrons were taken for the temperature of
20 °C. The convergence process of the numerical solution was unstable, rather slow and re-
sulted in a relatively high number of iterations to satisfy the convergence criterion of normal-
ized residuals lower than 107 and stable, final residual plateau for all concentration and
moments. The required iteration number increased with inereesing impeller speed, N, ranging
from about 35,000 for 200rpm to about 90,000 for 950rpm. On average, each 10,000 itera-

tions required about 9 CPU hours on the computationally intensive Digital server.

3. Modelling results

3.1 Long residence time Y

Above99% conversion of reéctants into the crystal, solid form of BaSO, was obtained in
the exit stream from the precipitator for all the impeller speeds used. Equivalent figures for
the conversion of barium and-of 'sulphete jons and for the formation of solid bariurn sulphate
were between 99.2 and 99.5% for all the impeller speeds and can be regarded as essentially
constant. However, such values were signiﬁcantly higher than those obtained by Wei (1997)
for a residence time about 20 times shorter. Estimates of the obtained crystal mass, based on
the m3; moment and the crystal shape factor of k,=k./6=348 (Baldyga et al., 1995), resulted in |
the values from 103% (200rpm) to 114% (950rpm) of the sum of the inlet mass flux of Ba and
SO4. The volume averaged crystal size (L43) in the exit stream converged in the,range from 11
: to 18 microns. The simulation results suggest that the mean crystal size slowly increases with
increasing impeller speed. However, the calculated values depend very much on the crystal

shape factors used.

3.2 Short residence time
The same simulation programme was repeated for the mean residence time of 100 sec-

onds, as used in Wei’s (1997) study. About 1% lower conversion was obtained compared to
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the long resuience tlme cases, but still much hlé,hel' than that found by We1 The conversmn
data were between 98.1% and 98.4% for the banum and sulphate ions as well as for the solid

barium sulphate Other characterlstlcs were also 31mllar to those for the long res1dence tlme

4. Concludmg remarks

* A continuous prec1p1tat1on process of barium sulphate was successfully sunulated ma
model stirred tank. The calculated level of conver51on into solid barium sulphate was si gmﬁ-’
cantly higher than i in the preyxous work of Wei, which may _be due to a substantlally lower
levelvof residuals being used to'satisfy the conVergence requirements' of the ite_'r:ation proces,s ,

in this study.
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THE PHENOMENON OF ENERGY CONCENTRATION IN
COMBUSTION WAVES AND ITS APPLICATIONS
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Combustron processes are commonly controlled by chemical and phy51cal parameters of
'v' the reactmg mlxture (such as mixture composmon chem1cal kmetrcs etc.) and also ‘by the pa- :
rameters control ing the thermal, aerodynamrcs and other physical characterrstrcs of combus-

tion. These conventional methods are well known, but tend to be substantially limited.
Therefore non-eonventlonal methods of control based on tendene1es of flames to self~

orgarn7atron and partreularly to the formatron of excess enthalpy in combustron zones, com-
monly known in the literature by the term of "excess enthalpy“,' (EE), are of mterest “The

| problem of excess enthalpy in combustion systems has been drscussed m many papers but '
mamly in relatron to combustors {1,2]. However the phenornenon of EE is encountered more

fre equently in nature than has been thought previously [3] and there is a need for further analy~

sis of combustion processes with EE to establish general trends and develop the physrcal and

chemical foundations for various appllcanons ' '

The present contrrbutron analyzes some aspects of the phenomenon of "excess enthalpy |
flames" (EEF) and defines the systems methods and elementary processes controlling EEF
' iformanon as well as the prospects for 1ts use in practrcal devices: (e. g burners and reaetors)
and in other different technologres Cellular flames, the propagatron of combustion waves in
porous medra splral combustion, combustion with longrtudrnal auto-oscillations and diffusion
ﬂames will be also consrdered In addition to the usual combustion processes with EE other'
~ processes will be considered in whrch the enthalpy excess is produced artrﬁcrally, as for ex-
ample m regeneratrve and tunnel burners reverse-processes thh gas-phase reactions and
cataly‘nc reactions and combustlon of energeUC matenals with heat conductmg elements It
can be shown that the energy concentration in combustion zones is essentrally occurnng in all
systems in which combustron is possrble Hence, combustron processes mvolvmg excess en-
~ thalpy can “be observed 1n lamlnar turbulent premixed and drffuslon flames in stabrhzed
combustion as well as in propagatrng waves in homogeneous or in multiphase drsperse and

other systems. It is interesting to note that the EE phenomenon produces in some cases the
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appearance of uncommon type of ﬂames such as cellular spm and oscrllatmg ﬂames In "fil-
tration” combustion for example, unique features are displayed such as non-equilibrium andk
super adiabatic temperatures, a capability to propagate through channels with a characteristic
size less than the critical distance etc. ' | R

The mechamsms of energy concentratron in combustron systems can be quite drfferent ‘
For example there are two drfferent modes of heat recuperatron whrch create the EE effect -
external and mternal where all.components of complex heat exchange, (i.e. conductron con-
vection and radiation) mass exchange processes are of 1mp0rtance The effects of prefer entral
drffusron (Lewrs number) -gas compressrbrhty (Mach number), mass forces (Rayle;g,h num-
‘ber) phase transrtrons ﬁltratron processes etc. play an 1mportant role The effects of EE can"
be manifested in changes in temperature, mixture composition or pressure which reflect
changes in both the thermal and chemical parts of enthalpy | |

An 1ncrease 1n the reactlvrty of the mixture due to energy concentratlon can occur both .
over the whole. ﬂame front and locally in separate hot spots ‘and cells. The EE features appear
to be particularly noticeable near the critical conditions such as those at the ﬂamrnability and
stability llrnits Additionaltherm'al energy in the combustion products can be used not only in
the preheatmg of the reactive mr:\ture but also in other processes such as evaporauon gasrﬁ~
cation and formatron of combustlble mixtures above the surface of a quurd fuel. However, for
maxtmum energy concentration, optrmum conditions are needed and the effectweness of EEI*
applrcatrons is dependent on ﬁndmg these optimal condrt1ons o

1t should be also noted that although the term "excess enthalpy"” in flames is often used n
the screntrﬁc lrterature its physical meaning is not clearly deﬁned except for the srmplest case.
of the premrxed laminar flame. In general terms, EE can be deﬁned asa spatial concentrdtron’
of energy during combustion. This deﬁn1t1on can be made more specific by 1nd1cat1ng the
source of energy, i.e. whether 1nternal from the inner resources of the combustlble mixture or
external from outsrde of the system This definition can be narrowed further by specrfyrng the
part of the flame in which the energy is concentrated. For example, to control the combustion
process by changlng the chemical reactron rate, it is 1mportant that EE is concentrated in the ;
zone of chemrcal reactrons Furthermore in pr1ncrple different forms of €xcess energy are
possrble (e g. thermal, chemical, compressron etc) However, usually the thermal part of en-
ergy has been the main one considered. »

These definitions tend to be rather 1nprecise as they concern only sorne aspects ‘of the EE

phenomenon. Also, the existence of some reference level of enthalpy is implied by the term
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excess enthalpy and has to be specified. There are also other uncertamtres in the conceptsb
of ﬂames w1th excess enthalpy where anomalously high combustron rates with wrde regions
of their exrstenee, some "exotic" structures of flame fronts, etc. are encountered Moreover,
cellular and spirining flames with ‘a vthree-dimensional structure of COmbustion zones are
strongly non-linear and requrre adequate methods of analysrs At present, the theory of EEF is

not sufficiently advanced and tends to fail to answer many questlons coneemmg the structure

- stabrhty, extensron of -the:ﬂammabrhty limits and blow-off characterlstlcs of such flames.

~ Based on the examples discussed in the present co‘n_t_'ribution it can be concluded that -
there is a wide range_ of possible applications of the EEF's. Th‘e unusual features and chara:c—i :
teristics of these flames are rather atiractive for use in chemical reactors and in COmbustors
operating as sources of thermal incinerators of daﬁgerous and toxic substances. There isa
_great potential for such applications mainly due to the absence of the conventional lihk be-
tween. the composition»of a combustible miXtureand its flame temperature. This is particu-
larly important in the consideration of fire and explosion safety where the flame temperature -
and flammability limits play a signiﬁcaht role. _ '

* Tt is to be shown that further research is needed to improve our understanding of excess
enthalpy ﬂames, their peculiarities, conditions of existence and other characteristics including
: their rates and mechanisms of their propagation and limits, so as to effect suitable theories and
eontribute to the development of effective novel burners, reactors and technologres forivarious

purposes.
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EXPERIMENTAL AND ANALYTICAL INVESTIGATION OF THE PREIGNITION
REACTIONS OF n-HEPTANE - AIR MIXTURE UNDER STEADY FLOW
REACTOR CONDITIONS e g

- Ghaz1 A.Karlm and E. Khalil

, Mechanical Engmeermg -'UnfverSiW vof"C;a'lgary .
- 2500 University Drive, N.W.- Calgary —Canada T 2N IN4
_ The Oxidation teactions of the typical highér normal alkane, n—heptane in air is simulated
analyncally, via a detailed chemical kinetic mechanism made up of 1950 elementary reaction
| steps and 380 species. The simulation of the pre1gn1t10n and post 1gn1t10n processes was made
for homogeneous fuel lean to stoichiometric reacting mixtures within externally heated steady |
- flow tubular ,reathr Lﬁlder Constant »pressure" conditions. A reduced version of the kinetic
scheme was allso‘formulated avnd'triéd.. The simulation coﬁld display in detail the 'inajor fea-
ture‘sz,of the combustion process-including the associated single and multi—stage ignition reac-
tion phenomena. » , | :

The paper will present computed results of the s1mulat10n and wxll dlSCUSS 1he roles of the
various design and operating variables on the progress of the reaction the associated energy";
release rates and the temporal variations in the composition of the reactmg:ﬂow.

Compariéon of the éimulation results with cori;esponding experimental ‘data obtained ina
laboratoryv set-up, was made showing good qualitatiVezagrcement; however, some quahtitative
differences could be observed. The possible reasons for such déviaﬁons are to be discussed. It -
is to be shown also that the',employrr'ient of the reduced scheme in ﬂle r‘nodelling process could
produce excellent agreément in the behaﬁzior of the key operational variables and the temporal
chaﬁ,ges in the major reactive ‘s‘pecie_s, With the'icorresponding vélues obtained using the full
kinetic scheme in the modeling while effecting significant reductions in computing time.

The implication of these findings to improving the control of the combustion process and

reducing exhaust gas emissions in industrial applications will be highlighted. -
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THE CATALYTIC OXIDATION OF HEATED LEAN HOMOGENEOUSLY
PREMIXED GASEOUS F UEL-AIR STREAMS

L Wierzb_a_-and,A;Dgpiak S
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There is rn‘uch interest in 'heing able to oxidize lean rnlxttires_ m air of co'rnmon gaseous '
bfuels such as natural gas, at relatively low temperatnres so as to reduce exhaust er’nissi‘ons of
oxides of nltrogcn unbumed hydrocarbons and carbon monox1de while malntammg hlgh
»combusuon and fuel conversion efﬁc1en(:1es ‘This would be partlcularly very at‘racuve 1f N
relatrvely cheap non-noble catalysts are used instead of platlnum

The paper describes the results of an expenmental laboratory investigation of the oxida-
tlon reactions wrthm a packed bed tubular reactor of heated low Veloc1ty streams of homoge-l
* neous lean m1xtures of gaseous fuels in air at atmospherlc pressure in the presence of non—
noble metal catalysts The main fuel consrdered is methane. Comparatrve tests were also made |
u°1ng other common fuels that included ethylene carbon monox1de propane and hyd1ogen
The mam cata]ysts employed were chromlum and cobalt oxides cmd their mrxtures These
were selected ntamly because of the1r relat1vely high thermal stablhty , |

The 1nvest1gat10n exarmned the effects of changes in flow rate, and hence resrdence trme
for dlfferent untral mlxture temperature (from 425K) and feed equrvalence ra‘uo on the ex-
haust composrtlon the course of the reactlon and the associated energy release developrnent
within the catalytic bed. The associated llght-off vtemperatures of the catalysts were also es-.
tablished. Corresponding tests were made t_hrodghont, using platinurn catalytic beds for comé._ ‘
ParatiyeprPOSes | Lo o B

It is to be shown for these apphcatrons there 1s an optlmum ratio of cohalt to chromlum
oxldes and catalytlc bed loading that could y1eld s1gmﬁcant 1mprovernent to the low tem-
perature oxidation of the lean mixtures and the resultmg emissions. However these catalysts

remam srgmﬁcantly less effectwe than platmum
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SELECTIVE CATALYTIC HYDRATION OF ETHYLENE

| AND PROPYLENE OXIDES
V F Shvets, M. G Makarov, R.A. Kozlovsku, AV, Koustov

D.I Mendeleev Unzversztj/ of Chemtcal T echno]ogy of Russza Moscow, Russia

]he reactxon of ethylene ox1de hydratlon is the mam mdustnal way of productlon cf cth-

ylene glycol wh1ch is one of the most large scale product of 1ndustr1al organic synthesis, with

a world annual volume of productlon above 15 rmlhon tons [1}. The reactlon of ethylene 0x-~

_1de hydrat:on proceeds on a serral—parallel route resultmg in fonnatlon of glycol homologues

CHLO
T

Where ko. kl, kz - rate constants of sertes stages.

C2H4O

H,0

HOCHCH,0H HO(CH,CH0),H — and so on Q)

kz

, The reaction (l) 1S subjected to ac1d base and nucleophﬂw catalys1s 2, 3] and at the tem-

- perature h1gher 120°C proceeds with enough high speed without any catalysts Till now atl -

ethylene glycol in industry is produced bya noncatalyzed reactlon The product distribution in

the reaction (L) is regulated by ethylene oxrde water ratio in the 1n1t1al reaction mlxture The

: 1ate constants ratio of series stages of noncatalyzed reactton (I).is unfavorable for formatlon '

of ethylene glycol (distribution factor for a noncatalyzed reaction b“lq/ko accordmg to differ-

ent sources is equal to 1 9-2. 8 {2}) For this reason to increase the ethylene glycol yield in m-

dustry 15 20 multlple molar (or 6-9 multlple mass) excess of water in relation to ethylene '

oxide is usually used. It results in considerable power expenses at the stage of final products

1solatlon

One of the ways to increase the selectrvny of ethylene glycol formatlon and, therefore to

decrease the excess of water 1s the application of the catalyst accelerating only the ﬁrst stage
of reaction (I) We have found that such catalysts are the anions of salts of some weak acids
[3]. Other publications on this subJ ect later have appeared [4-8]. A kmetlcs and rnechamsm of
oxides hydration at a homogeneous catalysis by salts are studied by us in detail {3, 9, 10]. The
obtained kinetic data have shown, that at 'concentrationlof some salts ahout 0.5 mol/l distribu-
tion factor b=k;/kq is reduced in lO and more time v(till O; 1-0.2). It enables to receive ethylene

glycol with high selectivity at molar ratio water - ethylene oxide of close to unit. The found

properties of the mentioned above homogeneous nucleophilic catalysts we have used herein-

after for creation of industrial heterogeneous catalysts of selective hydration of ethylene and

propylene oxides by an immobilization of anions on heterogenous carriers [11-16]. The main
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world producers of ethylene glycol (Shell [l7 19] Umon Carbrde [20-22] and Mitsubishi

[23D) conduct researches on creatro_n of selective hydration catalyst in the same direction.
For one heterogeneouscatalyst, representing bicarbonate ions, immobilized on anionites,
we constructed rnathema_tical model of the reactor and carried out its experimental testing' on

laboratory tubular reactor with a diameter of the tube 4 mm.

The mathemducal model was based on the kinetics of homogeneous catalyt1c reactron
When pH Value is below 9, ethylene oxide (EO) reacts through noncatalytlc reactions (l) and
through reaction, catalysed by brcarbonate ion with rate constant Kcat The rates for the com-
sumptlon of EO and water and obtarnmg of monoethylene (\/th) and dlethylene (DEG) gly~ ‘
cols are equal aecordmgly i e : ,

*°~CL0*(CH2°+1 84*CE)* (K, *(c‘ 20+b*Cg’y)+Kcat*[HCO3 N
0= CPOK(C1P011 84*CM* (K * CPO4 K *[HCOS) | Q)
29= CEO* (2041, 84*Cg’y)*(KQ*(C"IZO-b*CEG)JrKcat*[HCO;‘])
(DEG_ (~EO #(CH204.1 4By *(CES- b*CDEG)
where  Ko=exp(- 3 656- 9720/T) 1¥/mol*sek —  noncatalytic reaction ‘rate constant,
KCM—exp(él 404-10568/T) 1¥/mol*'sck — rate constant of the react1on catalysed by blcarbonate
ion, b= Ko/ KI , C&¥ _total g g,lycor concentration in the mixture. ‘ AT
. The term (C20+b*C¥Y) in the equation (2) is caused by the solvatatlon of EO with water
and glycols hydrogen bonding. As it follows from the equation (2), catalyst accelerate the re-
action of the MEG.‘formation. ' ‘ |
- The homogeneous reaction model was transformed for continous plug flow reactor, filled
with anionites in the bicarbonate form. The_ calculations and -direct measnrements of tem-
perature in the catalyst layer have shown, that in the experimental conditions the divergence
of temperature alongltube length because of exothermal process can be neglected. :Trans- ,
vforming for these conditions of the equation (2) for plug flow reactor, we suggested,that in
the liquid phase the only noncatalytic reaction proceeds, and in the ionite phase the noncata-
lytic reaction is accompanied by catalytic one, that is considerably faster. |

In the equations of the mathernatical model for‘ plug flow reactor index -vrefe'rs to ionit,
1ndex yrefers to liquid phase; a=Vi/V,— ionit part in total tube Volume C'— concentration of i-
component, mol/kg.

As tube reactor may be considered with very good precision as: plug flow reactor, the
equation for EQ hydration in the presence of the ionit can be written dF'=dV*(c*r,+(1 —on)*r,,;)

or dCY/dt==(c*r,H(1-0)*1,)/ps , Where p=G,/ W~ density of the rection mixture, G, and Wy -
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"vmass and volume ﬂow of the reactmn mlxture r"V/W holdrng tlme In the 11qu1d phase |
only noncatalytlc reactron take place, therefore | ' :

(EO ,,,CI:O *(Cmo 1.8 4*Cg[y) m*Kux*(CHZO +b*cgly )

rH = CEOH(CH20+1 84+ CEY) K, * (1120,

5 CEO ¥ (CHZO +1.8 4*Cg1y)m *KHK*(CHK) ¥ CEGX()
- CFO *(Cuzo 118 4*Cg‘y)m*KHK*(CK’ b*CDI:G B
For ionite phase the equation is more complex

1F0,=CE0,*(CH2041 84+ CEY) *(K OO, b*Lg‘y, )+Kkt*{HC03 D

rHZO.ﬁ cﬁf’ﬁ*(cH20+1.s4*cg’¥) B *(KHK%.C‘?QHJCK“* [HCOs]y - -

EG '*'CEO,,*(CI"ZOH 84*CEY)  #(K,, *(C™0, -b*C™, Ky *[HCO5]) -
= CEO *(CH2041 ga*CEy, *KHK*(CLG b*CDEG )

We approxrmated the solvation term by sum CH 2941 84"‘Cgty but it is posmble that in the
1omt phase the composmon and solva’uon ability of the reaction mixture can differ from that
of the liquid phase. It seems evrdent that we must 1nclude the correction factor. Notifying that
in the Kinetic equatio'ns there are making CFO*(CM12941.84*CY), that is why we can include
first parameter 8;=(C"O*(C'*0+1.84*C¥))/ (CPO*(C™0+1.84*C2)), taking into accpuni the
difference irr the reaction mixture in two phases. Let SgﬁCmoi_/CI'DO;’, 63=Cg?5'5/Cg‘Y; and we
make a rather probable suggestion,that' fhe parameters for MEG and polyglycols are equal.
The interpreta_tiono’f this assumption may be of the two kirrds; In the first case, if we assume
complete equilibria between liquid phase and ionite, these parameters, are equilibria constants
for the substances. Alternative is the quasiequilibria beeaus‘e of vequalit}v'—'of the rates of diffu-
sion and chemical reaction. It follows from bOth assumptions that pararnetersﬁl-& cannot be
> 1 and only shghtly depends on temperature (for solubility heats for substances in the phase
are srmrlar and drffusron rates also shghﬂy depends on temperature) It i is impossible to dis-
tmgursh these two assumptlon wrthout special phys1c0chemrca1 mvestrgatlons nevertheless
this model can be used successfully. '

Thus this system of equatlons is the full mathematical model for EO'hydratioyn in thetube
reactor in the presenee of ionite. ,

The expenmental results on checking the model are represented in the table 1. In this ta-
ble there are also the results of calculations of the composition of the reaction mixture in the
outlet of the reactor eccordiug to the suggested model and known initial conditions, The .pa_rt
of ionit is calculated as' ratio of ionit 'velumekand tube volume,-rnultiplied on the infilled coef-

ficient 0.7. For fitting experimental data we change mostly- p_arameterﬁi,
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Table 1. Experiments in the tube reactor. Coneenttation in % weight, calculated values in

- the denominator.

»'c},'sec‘ EO EG |- DEG - | A 5; | _«"67;'-  52
G Tonit SBR, 2 ml‘_, 95 oC, eff.exchange cap.>5.08 mmol/g, 12% wght EO

1690 0.57_/0._671 - 14.36/15.86 0.094/0.088 . | 0.609 | 0.9 0.7 07

IonitMSA»l, 2ml, 95 oC,'_keff.exehange cap. 4.42 mmol/g, 12% wght EO

690 | 0.77/0.73 | 14.11/15.76 | 0.109/0.095 | 0609 | 1.0 | 07 | 07

[omt MSA-1, 1.7 ml, 95 oC, eff.exchange cap. 3.22 mmol/g, 12% wght EO :

1 1099 | 0.81/0.95 15.46/_15.37 -0.16/0.167 | 0458 | 1.0 | O 7 0 .07
Ionit SBR, 1.5 ml, 95 oC, eff.exchange cap. 4.70 mmol/g, 12% wght EO |

987 0.44/0.46- | 15.57/16. 11 0/0.12 | 0458 1.0 0.7 0.7

lonit MSA-1, 2 ml 105 OC eff. exchange cap. 2:.39 mmol/g:, 12% wght EO.

792 | 0.99/0.69 1514/1567 0.15/0.22 | 0458 095 | 07 | 07

Tonit SBR, 1.7 ml, 105 oC, eff.exchange cap. 3.19 mmol/g, 12% wght EO

1910 0.12/0.14 | 16.54/1621 | 0.16/0.42 | 0.189 1.0 0.7 0.7
| lonit SBR, 1.7 ml 105 0C, eff.exchange cap. 3.50 mmol/g, 20% wght EO

1269 081/1 02 | 255972555 | 0.70/0.99 0.189 | 1.0 0.7 0.7

The analysis of the data of table 1 shows, what the offered model edequately describes
the experimental data which’ have been carried out in a wide enough range of the initial con-
ditions, and parameter 6;=1 pfactically is constant for all eXperinlents. Let's note also, that the
mode] describes not only EO eenversion,r' but also the compositidn of the reaction mixture, i.e.
. selectivity of process. Last t_Wo experiments show, that even at a small part of the ionit in the
tube the basic reaction goes m the ionit ‘phase that provides high sele‘ctivity of process.

In the conclusmn it is p0551b1e to sy, that the mathematlcal model for EO hydratlon in
the tube reactor in the presence of fonit is built and may be used to design and operate the in-

stallations of selective EG synthesis.
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PARAMETRIC SEN SITIVITY OF THE METHANOL OXIDATION PROCESS AS A
SOLUTION OF A BOUN DARY VALUE PROBLEM WITH A PARAMETER

Andrew L. Madvarov and Natalla A Chumakova

Boreskov Institute of Catalysm Pr. Akad. Larentieva, 5, Novosibirsk 630090, Russza
phone: 383 234 1278 fox: 3832341878  E-mail: chum(@catalysis. nsk.su

| The behavior of chemical reactors depeknds oh Vafiations in the inlet conditions, as well as
in other physicochemical parametefs of the sYStem We will develop a new approachSto para-
- metric sensitivity: studies of a catdlytlc fixed- bed operatxon [1-2]. This. approach allows esti-
’ matmg the mﬂuence of space-nonumform condmom on technologlcal process ‘characteristics in -

a real fixed-bed reactor by means of relatively simple one-dimensional model consideration.

1. Mathematical model :

- An adiabatic catalytic: fixed-bed ;eactbr with the irreversible- exothye'rmi(‘k:‘ two-stage
methanol oxidation reactionlof‘ A->B>C type, wheré A is-methanél, B 1s fbrmal-dehyde being
a target product, and C denbtes water and other deep oxidation produéts is concerned.

| An onendlmenswnal quas1—homogenous plug-flow mathematical model of the process has
a form of an ordmary dlfferemlal cquations system 21 ’
Rl o W
Hefe X = (x1, xz, P)T are éonééntrations of the substances 4 and B, and preséure drop, v is the
- gas flow velocity, ¢ is the porosity of the bed, i.e. void volume fraction in the reactor volume
| (its effect is Qf practical intéf,cst, because the térﬁperaturé profile along the bed length depends
strohgly on g), £is the dimén‘sio‘nleésaxialkcoordinate. In tréditioneil‘stafements [3] the gas
velocity v is considered as a known value and the initial value problem (IVP) is posed for the
system (1): : | | o ;
e X(0) = X = (vio, 320, 0. @
The parameter v in (1) presents an averaged value of the gas velocity through the fixed bed."
“In another mbdel '[1—2] v is an unknown parameter and the p‘reésure drop on the'bed 1s
supposed to be known; i.e. a boundary value problem (BVP) is considered with three condi-
tions at the left bound £ = 0 and one at the right bound & =1las follows:
XO=X,  XM=AP. 3)

In such case the parameter v corresponds to a local gas flow velocity in the catalyst bed.
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- Note that in case of more complex reaction of many stages reactants and products we.can
,obtam a similar system consisted of N equatrons : : ‘ |
| %XE SFEv.0) K- (xr,;;.,ixN)T{ . L @
- Where the last equatlon deﬁnes the pressure drop For such systems the approach suggested in
- [2] leads also to the BVP Wlth N conditions at the left bound and one condition at the right one: -
; - X(0) = Xo(0), XN(l) AP(6). )
Here 0 means a selected parameter of the model, sensitivity analysrs to whrch is of practreal"
~interest. - ’ ' | ’
The objectiVe of our work was to deve'ldp an'algorithrn‘ for the rlumeri’cal constructiOH of
 the BVP solution and the sensitivity functions of this solution to the model parameter g For
the methanol to {ormaldehyde oxidation process as an example, the process sensrtmty to the
structure parameter £was studied andk eomparatrve sen51t1v1ty analysis of solutlons of the BVP
(1), 3) and the IVP (1)-(2) was carried out. |
2, Algenthm v |
 To solve the BVP (4) (5 w1th the parameter y we use Newton’s method and on each it-
eration the linearized BVP for function X (&) = X(1-8) and parameter v arises:

%—~F{XOV)X [F(Xov) FX(XOV)X] Fv(XOv)(v v) ©)
 Xq-ar, FM=Fo

where X ° and v° are the previously found approximations for \'ecter X and parameter v.

Itis suggested to solve the hnearrzed problem (6) numerically Wrth the Godunov orthogo-
~nal’ factorrzatron method {41, apphcauon of which to a BVP with a parameter was studred in
detail in [5]. The main idea of the algorithm is as followmg. The interval [0,1] is divided 1nto
several subintervals by a proper way, an orthogonal basis of the subspace satisfied the bl,eft
boundary condition is determined and after the numerical integratiorr along each subinterval this

basis is orthogonahzed again at the sublnter‘val right end. It allows avoiding an effect of basrs

squashmg and finding the solutlon more accurate in regions of ‘high gradients.

3. Parametric seusrﬂvrty functlons

To analyze the sen31t1v1ty of the BVP (4) ~-(5) solution X and v with respeet to the selected

parameter ¢, we introduce parametric sensitivity functions: -
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00’ T

' Differentiation of (4) and &) withvrespect t0 0giVeS'

%mFX(X, ,9)Z+ FdX, v, 0)+F(Xv 9)11 ‘| s J(7j |
Z(O)%?—)—{i ' 4()—«‘3(’”) ®
o0 26 |

»Hence we obtam the linear BVP for the vector functlon Z and the parameter u, wlnch after the

| 'subst1tut10n Z (é‘) = é(l = &) has the same form as the hnearrzed BVP (6) Therefore ‘we can
apply the ortho gonal factoru:atlon method too.

4. Numerlcal results ‘ S ,

A umversal Fortran code was developed to solve the BVP wrth a parameter and construct :
the solution sensmwty functlons to some model parameter Using this code the concentra—
tions, temperature and pressure losses profiles and the sensitivity functions 0 the poros1ty £
were obtained for the problem (1), (3). Fig. 1 shows Aand B concentratlons xl, Xy VErsus the
axial coordinate as the BVP (1),(3) solutlon for dlfferent por031ty Values

Ky Kp ,1‘s'> 3 R 1_2_1_,22

A)_u//
0 = 1§

0.0 02 s_6v 038 1.0
Fig. 1. Methanol and formaldehyde concentrations Fig. 2. Concentrations sensitivity functions z;, z, to £
along the axial coordinate & AP=0.0179 atm, in the BVP at AP=0.0179 atm (solid lines), and
£=045 (1), 04 ¢2),0.35 (3). Solid lines — x;, : in the IVP at v= 1.112 mis (dash lines);
- dash lines ~x, , £=10.45.

In order to corrlpare the parametric sensitivity functions of BVP and IVP solutions in a

correct way it is necessary in the BVP to take AP value in (3) as one corresponded to the gas
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flow velocny in the IVP. That means the 1dent1ty of the technologlcal modes in the reactor -
models cons1dered Asa result we obtamed that the module of the solution sensmvrty func-
tions of the BVP (1), (3) is much blgger than the absolute magnitude of the IVP (1)- (2) solu-

’tlon sensitivity funct1ons (Fig. 2) what is more compatxble with practical ‘;urveys

5 Concluswn ‘

The BVP with a parameter Ior the system of N ordinary dlfferentlal equatlons w1th Ncon-
diuons at the left boundaxy and one condltlon at the nght one was considered. The algonthm for
numencal solution of such problem was developed and its soﬁware 1mplementat10n was made.
The algorlthm was based on. the Godunov orthogonal factonzatmn method and was used for -
construction of the solution and sensitivity ﬁmcuons to one of system‘ parameters.

Sensitivity functions to the porosity & weie obtained for the particular catalytic process
and it Was shown thai‘ the parametric sensitivity. ,of the BVP (1), (3) solutions was higher than
sensitivfty of the cotfesponding IVP (1)-(2) solutions. Similar conclusions are valid'i with re-
spect to othef control parometers (e.‘g'.“the feed‘tempera‘tufe',' the inlet reactant concehtration,

. the pressure drop over the bed, the catalyst activity, etc.).
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SELF -ORGANIZED CRITICALITY IN INDUSTRIAL ETHYLENE
OXIDE REACTORS

‘B. B Chesnokov., B.Ya. Stul A V. Derugm, M G Slm’ko

Sczentzﬁc Research ]nstzture “S YNT: EZ z\/[oscow

lndustnal productlon of ethylene 0x1de by oxygen oxidation of ethylene wlnch is con51d-
ered to be one of the most heat—stralned process 1S conducted in h1gh capac1ty tubular reactors
with fixed bed of expensive silver catalyst Stable work of industrial reactors is the base for
execution of strict productlon safety standards. However in reali 1ty sometimes durmg reactor

t operatlon thermal runaways take place The analyses of such thermal runaways the study of
the causes of their appearance, development and ways of their prevention, modelling of the
situations. play very important role [1,2]. B B | k

Dunng the study of the reasons of large natural and technical accidents new nonlinear
phenomenon was dtscovered - self-orgamzed crxtlcahty Small aemdennal devxattons from
stat1onary conditions can lead to accidents. Self-organized. cnttcahty appears and forms dur-
ing the evolutton of nonlinear system. Here usually many self- developmg mutually connected
reasons of deviations from stable conditions appear, and then after small perturbatlon d1stur~
‘bance takes place. It develops in accordance with its inner laws, Wthh do not depend on ex- .
ternal control. Then such process as chain reaction appears, -and nonl1near system itself
evolut1on to critical conditions and passes to accident [3,4]. :

atalyt1c reactors for strono exothermal reactions, widely used in chemtcal 1ndustry> are
typlcal open dynamic nonlmear system. For example, ethylene 0x1de reactor. has up to 13000
tubes with diameter 21-27 mm and length 7-9 meters. Stationary stable conditions depend on
reaction mixture composition (oxygen and ethylene) and concentratlon of promoter 1n it, tem-
~ peratures of heat carrier and gas at inlet of the reactor, amount of circulating heat carrier and
reaction gas mixture. All these factors stipulate ethylene oxtdatton reaction rate and are mutu-
- ally connected by value of the select1v1ty of the process of ethylene oxidation into ethylene
oxide, because heat relcasc dunng the reaction of partial ox1dat1on into ethylene oxide is ap-
proximately 10 times less than during full oxidation (32,9 kcal/mole and 330 kcal/mole re-
specttvely) Besides that, while the temperature is increasing, internal diffusion braking takes
place, which i increases the temperature of the graln and so decreasmg the selectmty and in-
_creasing heat of reaction. : ,

We studled the influence of dlfferent factors on parametrtcal sen51t1v1ty of the reactor
such as heat carrier and inlet gas temperature, heat exchange conditions, ethylene and oxygen
content in initial gas mixture, un,iforxnly of .gas.flow distribution in tuhes with catalyst and
heat carrier along intertube space, initial catalyst activity dispersion and its ;di'stribution along

the reactor and so on. High heat strain of the process and discovered parametrical sensivity of
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the reactor to ﬂuctuatlon of technological parameters and to changes of catalyst performance
especially with its unhomogemous desactlvatlon in time, can lead to reactor process fallure '
‘thermal runaway and emergency shut-down [3 6,7} S »

The analyses of thermal runaways of ex1st1ng reactors showed that as a rule, hot spot oc-
curs in one of the tubes, mainly in peripheral areas, where the most of catalyst poisons build
up (they make the performance of catalyst worse) and where there are difficulties with heat
removal “Then hot spot spreads to adjacent tubes and whrle developmg it moves in the d1rec-
!tlon of the gas flow motion or in the opposite d1rect10n causing thermal runaway or ex-
ceeding of flammability llnnts of reaction gas mixture outside the catalyst layer in the space
of top or bottom reactor cover. Catalyst temperatre in these tubes i in the area of hot spot ap- -
‘proaches 700-800 °C, it is desactivated and begins to differ sharply from the rest catalyst in
respect of its performance. Heat withdrawing surface can become coked, and 1t creates d’fﬁ-
culties to the further reactor operat1on ”

As the prevention of thermal runaway in reactor is the base of stable safe operatlon of in-
dustnal ethylene oxide plant, in order to study the reason of thermal runaway, its develop—; ‘
ment, the ways of discovery and prevention we carried out expenmental test runs in one-tube
exper1mental reactors-elements of industrial reactor in the process of oxygen or air ethylene
ox1dat10n into ethylene oxide at different catalysts. -

A series of test runs with catalysts of different activity and with variations of technologl-
cal parameters was carried out at the test unit in reactors-elements of industrial reactor, in
tubes with diameter 21 mm with heat removal by organic heat carrier and gas sample and
temperature measurement after each one meter of catalyst bed length Actual industrial gas
mixture was used at pressure up to 20 atm. The analy ses of the gas mixture and reaction prod- |
ucts was carried out by chromatographic and mass-spectrometric methods.

: lhermal runaway was 1n1t1ated by step- by -step heat carrier temperature 1ncreasmg or heat
carrier supply decreasing, up to full supply stoppmg, while the temperature and amount of
'supphed gas mixture kept was constant.

Before the moment of thermal runaway beginning and during its development tempera-
ture and gas mixture components concentratron profiles were measured. We controlled also
the formation of 1 new, typical for thermal runaway admixtures - ehylene pyrolys1s products.

- During normal reactor operatlon temperature profile in catalyst layer usually reaches peak
on the bed length 4-6'm (from total length of catalyst bed -7 m). While i 1ncreas1ng of heat car-
rier temperature and load (heat of the reaction, heat release) or decreasmg of heat carrler sup-'
ply (heat removal) the value of maxnnurn temperature Tmax i increases, but rémains stable up
to the deﬁmte extent However, in the moment of thermal runaway begmnmg Tmax value
doesn't stop but increases contmuously with typ1cal curve point 1n time. The temperature in

hot spot approaches 600-700 °C. In gas mixture the concentration of oxygen fell up to zero
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: pomt (oxygen 'was fully consumed) with formatlon of propylene (up to 500—750 ppm) and -
2-methylpropylene (up to 200 ppm) i o

The results of these tests are given as an example in table and in the ﬁgure L. After crea-
tion of stationary condmons of reactor operation thermal runaway was initiated by step-by-
step heat carrier temperature 1ncreasrng (ﬁgure 1 and table experrment A) or by stopprng of
heat carrier crrculatlon (table, experrment B) E :
; Exprrement A. When increasing the temperature from 234 to 236 °C ‘thermal runaway
| occured and the temperature at the he1ght of catalyst bed of 2 m increased up to 350 °C. And
“then it moved gradually along the gas flow and reached the maximum more than 600 °C on
the length of 4 m (55 min) and on the level of 5 m it was 380 °C (230 min). At that propylene .
~and dlso 2—methylpropylene which usually appear m the hot area, formed in the reaction

* products.
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Figure 1. Beginning and development of thermal runaway in test tube (.heat:’c.arrie‘r ternperature was
increasing step—by step from 230 °C, ‘initial ethylene concentration was 15%, and oxygen -
5,5% vol. ' / &
Txo - temperature of heat carrier, °C; Ty — temperature of bed at H=2 m 4m; 5m.-
" Cgo — concentration of ethylene oxide; %vol., Ccins — concentration of p"ropyle'ne, ppm.

S —selectivity, Y.
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Table 1.

Thermal runaway expenments w1th mass»spectrometnc analyses of reactlon products

Content after reactor of

Time of | Txo, | Tmax, Lmax, Selec- Ethylenev Propylene, 2-méthy1-
runaway °C - °C | meter | tivity | oxide ppm _ propylene,
develop- E 1 % | %vol. ' ppm
ment; min. . P e e - :
Experim’ent Al RuﬁaWay after step—by-stcp hear carrier teméeramre incre‘asingl
0 | 233 | 248 | 3 | 78 | 128 | oabs Cabs.
50 234 | 22 | 4 | 76 | 138 | abs. abs.
108 236 261 4 | 74 | 16l traces abs.
120 | 240 | 370 | 3 | 68 | 184 ' traces
Runaway
develop-
- ment - : ; i v
126 240 >600 2 2,2 268 12
Experiment B. Runaway after heé.t ‘carrier circulation stopping
0 | 220 245 6 1,2 abs. traces
10 | 225 530 6 L6 | 5
13 28 | 570 | 5 1,9 _ 10
25 | 230 | 622 2 L0 730 140

Expemment B. After stopplng of heat carrier supply to reactor, by that Tmax began
qulcklv increasing and in 10 minutes it reached 530 °C and contlnued to increase.

- During experiments it was determined that hot spot either moved along the gas flow mo-
tion at rate up to 5-10 cm/min. or met it at rate up to 50 cm/min. When stopping heat carrier
supply "hot" front always met the gas flow towards inlet to the reactor. When he‘at carrier
temperature increasing - the direction of motion depended on several factors such as heat re-
mdval surface state (for example, tubes coked in the place of hot spot) and catélyst activity.
As a rule, in the tube with fresh, more active catalyst hot spot met the gas flow. This is more
dangerous éase, because it moves into the side of gas mixture with more high concentration of

oxygen and ethylene. In any case temperature difference between gas at the outlet from the
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~reactor and heat carrier inlet to the reactor qniCl(ly lncreases so this Valne 1s used for block-
age at thermal runaway begrnmng When block system workmg, supply of oxygen and eth-
ylene stops. | : o
At thermal runaway in one tube in gas mixture at outlet the concentration of formed pro-
“pylene is more than 700 ppm. [n industrial reactor, containing more than 10 thousancls_ tubes,
‘hot spot from one tube through heat carrier increases the ienrperature of adjacent tnbes,' the
“heated area‘ ‘Widens ‘anrl reaches free space of top or bottom reactor cover. But even before
thermal runaway of the whole reactor the content of propylene (or 2-methylpropylene) in gas
mmture at reactor outlet wrll be 0,2-0,3 ppm because of gas drlutron frorn normally operating:
tubes, and it can be fixed by continuously operating gas analysers. Timely interference and
decreasing of reactors prodncthn let us prevent thernlal runaway in tlrereactorand not to
“allow block systems operati_on and ',membrane rupt‘ure. |
Mathematical modeling of the:reaetor nsingiplug-ﬂow model with consideration of inter-
nal diffusion in catalyst »grain,correlared with regard of actual concentration and temperature
profiles in test tubes, let us discribe actual conditions in reactors of Ethylene oxidaﬁon into
Ethylene Oxide, causes of beginning and moment of thermal ’r’unaWay startin the reactor [5]
,By this, reserve resistance of the: startrng steady-state regrme to runaway for the heat camer
‘temperature (AT Trun -Tnorm) for normal thermal condltlon calculated on base of com-
putrng experiment, in practice comc1ded wrth experimental. Thzs allows to give reliable esti-
mate of the condmons of stable safe operatron of industrial reactors of ethy lene oxidation rnto
ethylene oxide. Together wrth ﬁxmg of generally used technologrcal parameters of reactm
operatlon operanve current control for appearance of byproducts (propylene for example) let
us timely prevent appearance of thermal runaway of existing rndubtrxal reactors when non-
uniformity appearing and developing in catalyst perfor,mances or state of lhe reactor and its
heat removal surfaces. |
In the figures you can see as an example, the results of some computing experiments on
organization of conventional thermal runaway in industrial ethylene oxide reactor by step-by-
| step heat carrier temperature increasing as dependence of catalyst bed temperature upon the
lengthes of the bed for different heat carrier temperatures (fig.2) and as dependence of Spe—

cific heat of catalyst volume unit for the same heat carrier temperatures (ﬁg.3);
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Fig. 2 Appearane‘e and development of thermal - Prc 3 Appearance and deveiopment of thermal

- runaway: dependence of temperature in B j,:“’runaway dependence of the specific heat
catalyst bed over the length of the bed of ~  release over the length of the bed of
catalyst for different heat carrier tem- ~ catalyst for different heat carrier tem-

peratures (From 241, G 10 249.5C) i peratuses (from 241,7,°C 1o 249.5°C)

By analogy thermal runaway deveiops n the reactor not only when heat carrier tempera-
ture mcreasmg, but at any parameters dev1atrons Ieadmg to bed temperature mcreasmg, se-
lectrvrty decreasmg and heat of the reactlon (heat release) mtensrﬁeatron ‘When some value
' mcreasmg, called parameter reserve resxstance for runaway the thermal runaway will sure

take place. The possrble parameters are as follows

oxygen concentratron in 1mt1al-m1xtu_re "
- ethylene concentration in initial -mi‘(tur-e o
- promoter concentratron in initial rmxture
~ heat carrier temperature
- . inlet gas temperature
~ — gas mixture supply rate
—  heat carrier supply rate ‘
- appearance of different nature unhomo_geneities '
Deviations from some of these parameter's. are more dangerous, but all of them can be

controlled and monitored, excluding the last one. In this case there is "vulnerability window",
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' when weak perturbatlons and small deviations should not lead to the runaway, however tran-
s1tlon to crmcal condmons is formmg durmg the evolut1on of the catalytlc system itself. Thls
| phenomenon of appearlng self—crrtrcahty is developmg as chain branching process when the ,
deviation leads to certain temperature mcreasmg, causmg speed up of the reactron heat of
. the reactlon intensification, selectlvrty decreasm0 -and, in one s turn, to the greater tempera-
n ture mcreasmg, select1v1ty decreasmg, temperature 1ncreasmg with sw1ft mtensrﬁcatlon of re-
action heat and temperature 1ncreas1n0 up to thermal runaway and emergency shut down of ’
the process. : , }
- At existing ethylene,oxide plants somev cases took place,f‘When the ‘proces's'j was conducted
‘at small, but rninimally Sufﬁcient reserve resistance of technological parameters -for runaway.
In spite of this, wrthout any reasons, thermal runaway appeared and developed rapidly. Fol- |
lowing examinations showed, that for example, small actlve mass (dust) loss frorn the surface '
of catalyst led to certain’ mcreasmg of catalyst bed re51stance AP and decreasmg of gas ﬂow ’
rate in one tube, which, in one's turn, led to temperature increasing, select1v1ty and heat trans-
fer coefﬁc1ent decreasmg and so on up to thermal runaway havmg a character of chain reac-
tion.
Comparmg the results of natural and computing experiments, mathematical model of the
process was corrected and the condltxons which can lead to therrnal runaway, were found

w1th the purpose of predlctron and prévention of thermal runaways in industrial reactors.
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INVESTIGATION OF RADIAL HEAT T RANSFER IN BEDS PACKED BY -
REGULAR AND SHAPED PARTICLES ' '

L A Zolotarskn, V.A. Kuzmm, A.V Muzykantov E I. Smirnov

, Boreskov Instttute of Catalyszs SB RAS
- pr. Akad. Lavrentieva, 5, 630090 Novosibirsk, Russia.
Tel:: +7 3832 344491 Jax: +7 3832 341 878, e-mazl kta@catalyszs nsk.su

“The experlments with measuring heat transfer parameters - effectrve radrar heat conduc- »
tivity and wall heat transfer. eoefﬁment of granular beds were performed with the followmg

types of partrcles

Table 1. Type of partleles that were used m the expenments ,

Number Descrlptlon ‘ T Number Descrrptron

| Spherical particles | Shaped partlcles s

B d = 3.2mm, glass | ‘Rashlg rlngs D ‘ }
2 d = 16mm, steel 16 o f d414mm (11101517111111 h=14mm
3 d = 19mm, glass 7 : = d“14mm dnle= 7mm h=14mm
Cylindrical particles - o : Wheels w1th 6 spok's._ _ , : : |
4 d=10mm,h=10mm |8 | d=18mm, h=16mm8m=2mm
5 d=19mmbh=19mm |9 |&=15mm, h-Tmm,uimm

hxperrmental setup had an inner drameter of test sectlon of 84 mm. Range of superﬁcral
alr Velocmes studred is 0,2+2,0 m/s. Temperature ﬁeld was measured in 12 pomts by radrus
and in 12 angle posmons with 30° step for drfferent bed heroht The program utilizing a
square deviation minimization method to ﬁt heat lransfer parameters of standard heat disper-
sion model to measured temperature field was used.

For particles of regular shape - spheres of .drfferent diameters and cylinders with diameter
equal to height, correlations of effective radiai heat eOnductivrty and wall heat transfer coeffi-.
cient on gas velocity have been obtained and eorrrpared"with Iitereture data.

The wall Nusselt number was deﬁned aceord'ii_rxg"terfqrmu'la:
S Neee S
where d, — diameter of sphere with volum'_e: equrﬂ to thc volume  of the grain, A, — heat

conductivity of gas, o, — wall heat transfer coefficient, defined from the relation: |
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qr 3 : .
o, =R ; (2
where gr - heat flux at the wall Tp— gas temperature near the wall Tw— Wall temperature
. The new formula for the wall Nusselt number was obtained in assumptmns that a) a tem~
perature jump occurs in thln pre—wall layer w1th a thlckness of 4d,, b) a heat flux is constant
in this layer and,c) a heat conducttvlty changes linearly in this layer from the gas heat con-
ductivity A, at the wall to effective radial heat cohductivity inthe bed eore Aer
_{Vu R AN g - : (3)
A(}n /I ) ;

where ?ter*:?&e;/}tg. 'and the parameter A was found to be indepeudent on gas veloeity and
- diameter of regutar ptnticles (spheres and cylindcr‘s') and equal to 0. 54,
Because the conelatlon for an effective radlal heat conductwlty has the form:

| Aer =Abed +KRePr e 3

ud . L : PR S
where Re = -2 | u —superficial gas velocity, v - cinematic gas viscosity, formula (3) can be

transformed to the,fo'rm: SR
Nu, = )tm, +K Re Pr :
A(ln(/l,)a, + K RePr)~1)

()

' Fig. 1 shows the comparison of formula (5) with our expen.mental data.

100 4=~

N By

10 100 1000 Re*Pr 15000

NS U S

~Fig.1. Dependence of wall Nusselt number on Re*Pr for different particles of regular shape in com-
parison with formula (5). 1 — 5 numbers of particles according to Table 1. 6 — formula (5) (pa-

rameters values: 4=0.54, K=0,11; 4,,, =10 ; Pr=0,7)

Fig.2 shows a good agreement of formula (5) with most reliable literature data.
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f-N

10 100 ; o0 Re 1000 |

Fig.2. Dependence of wall Nusselt number on Reynoids numbel {—formufa. (5) (parameters values:
| A4=0.54, K=0,11; A,; =10; Pr=0,7), 2 — Nu,=0,24 Re*” Pr‘” Kunii D., Suzuki M.[1],3 —

Martin H., Niles M. [2]4- Spec<:1aV ‘Baldi G. [3], 5~ Yagi S., Kunii D. [4], 6 — Dixon A.G.
[5], 7 Li C.H,, Finlayson B.A. [6], 8 - Chalbi M. [7].

For beds packed by shaped particles; the depchdencies of heat transfer parameters on
Reynolds mimber have been obtaincd as well. As shaped particles there were u‘sed‘ cylindrical
particles with different channels. | | |

Fig. 3 and 4 present dependencies of effective radial heat conductivity and wall Nusselt
number on Reynolds number for shaped and regular partlcles Reynolds number in this case is
based on an effective pamcle dxameter d deﬁned from an external par’ucle Volume without

excluding hollows.

|
., 400 5 . ’
< | ;
i L) I M— : 0123 i
< . l R
300 ¢ L 04 ;
250 i :
| @6 i
200 B |
1580 |- 27 §
100 4 [ @8 |

‘ [ A9

e , v b

0 500 1000 1500 N
Lo Re*Pr !
.

Fig. 3 Dependence of effectlve radxal heat conductlvny on RePr for dlfferent pal‘tlc]es 1-4,6-9-
numbers of particles accordmg to Table 1.
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Results of ﬁttmg precedure according to equation (4) are shewn on Flg 3. Tabie 2 pres-
ents the cerrespondmg values of parameter K for these correlatlons :

Table 2. Values of parameter K from the equatiopn (4) for shaped partlcles

Particle number .~ © - 1 1,23 . 4 16 7 18 '9, ‘
accordmgtoTablel oy O B S
K - 140.108 0.163 0.226 0.198 - |0.192 0279
i g
- Nuy, ERERC RSN
350 _ - 0123
300 .s.:;,}, : .. ._-___“.'_.y,iww_w__k.‘ b B .*_.KM.W;',__’M;. g 4 ! %
o E B w_s_#__w_u T SN it ;.‘.5_ ; { .
ZSQ, A - e
1200 4 ‘A‘”"" e BT
150 bl e R @ 8
oy m : i
~ A® O | g
50 1y O o S, B i
.0 - 500 1000 1500 Re'Pr 3

Fig4. Dependence of wall Nusselt number on RePr for dlfferent particles. 1 — 4, 6 — 9 - numbers of
particles accordmg to Table 1, 10 - formula (5) (parameters values A 0 54, K=0,11; ib = lO
Pr=0 7) :

;  As one can see, shdped partlcles with channels have much hlgher values of radial heat '
transfer parameters than bulk pamcles. It corresponds to results of Bauer and Shlunder [8] for |
Rashig rings. In our hnderstanding, this fact is explained by higher effeetive mixing length for
shaped particles. Generalized correlatlons for such particles are to be developed in order to
model tubular catalytic reactors.

The work is performed under support of the NATO grant SfP 972557
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ELEVATION OF PERFORMANCE OF GAS—LIQUKD REACTORS ON SOLID
o CATALYST

E.F. Stefoglo,V L Drobyshewch* VA Semlkolenov** LV. Kuchm, 0.P. Zhukowa k

- Institute of Coal and Coal (,hemzstry, Rukawshmkov, 21, Kemerovo 65061 0, Russia.
- *lustitute of Computatzonai Mathematics and Math. Geoph.,. Novosibirsk, 630090, Russia
, **Borevkov ]nsz‘ztute of Catalysis, Pr. Lavrentieva, 5, Novosibirsk, 630090, Russia
, Fax 7 3842-281838, E-mail: chem@kemnet ru »

The: behav;oul of the gas-liquid process ona sohd catdlyst was studled using dlfferent
~modes of the reactor operation. The practical importance is to study the influence of the initial
conditions on the performance of the reaction system: the preliminary saturation of a reaction
solution have to hydrogenated before the reactor (continuous) or before the reaction (in batch)
in comparison with "usual" mode of operation. In the last case the solution (suspension) is
saturated with the gas in the reactor and this process is simultaneously accompanied by the
catalytic reaction. And the conversion changes slower than when the solution is presaturated
by gas. It should be noted that the concentration of gas reagent on the catalyst surface m1g,ht
influence the reaction direction. Thus, for example, the hydrogenation on hydrogen-"poor™ in-
stead of hydrogen 'rich” catalysts can involve hydlogenolyms and isomerization but not the
reduction {1]. It is of interest to compare the conversion degrees x achleved at these different
modes of operation. Assuming that the hydrogenation reaction rate is r = k C,,Cl,;, in a batch

reactor at a constant temperature and pressure. Thus the material oalance for the gas dissolved
in the suspension and the liquid reagent is:

dCyy — dX, —dCp |
di -——— CHL M C’H (1) “"EI‘“—" L—Q M- CH (2)

where: Gy = Cu/ iy, Co=Cpl Cpyut=fip 1,7 = M- CHL, t=1-ka,  Q=ChlCys
M=k-C.,, 1 Bg - The process may take place at two different initial conditions:

) 1=0,Cy=0,Cp=1; 2) 1=0,Cyp=1, CL,l the gas before the reaction start prelimi-

narily saturates the suspension. Solving (1) with two initial conditions and putting the derived
expression from eq.1 for Cp, = f(, M) to (2) then integrating it we find the Xy, and X, ex-

pressions as. functions of M, Q and t for two different process modes. Then we determined:

AX =X, - X, = ’IM']% (1 e M)t) (at t—>o0 and M0 50 AX-Q). Thus, first, at the steady

state region we have the limiting maximal value of the AX gain, but it does not exceed the Q
value equal to C;{ 1Cy,- This phenomenon is presented in Fig.1,2. The mathematical analysis

of the proposed model shows that this gain (AX) is the greater the higher the reaction rate M
(k—20). Thus if the reaction rate is high or there is mass transfer hmltauons kIa—)O and thus
(M—>w) the greater the pressure ((J) the higher the AX value.

The experimental data of ethyl ether of para-nitrobenzoic acid hydrogenatlon over Pd/C
in a batch stirred reactor with different initial conditions at a high pressure showed good
agreements with the theoretical results (Fig.3,4). The obtained mathematical simulation has
showed that for a continuous reactor this phenomenon is also the same and the analytical ex-
pression for AX calculation also are found for different kinds of the rate equation. Thus it is
obviously experimental fact the high is the pressure the bigger is the profit in the conversion
and it is the greatest when the gas absorption controls the reaction but is negligible in the ki-
netic regime.
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Fig.1 The general view of AX = f (Q ]\4) at - Fig.2 An unsteady state conversion behavior at a
 for the reaction of r = —kC..,, Cyy; - hlgh pressure - (Q=0.25)  for ~‘the reaction

= kC,oCyyy, at adifferent initial condmon for a

hquld batch type rcactor

e - 3 Y

12 ;€1 Cpp* 10 kmotm®
Jaaans with preliminiary saturaﬁon ’
] a42a2 without preliminary saturation

T . sec

v ¥ v [ T L] T T T

x ¥ U ” . »
TR oo 186 300 350 300 ° 0 AT 2

Fig.3 Hydrogenation of EEpNBA (ethyl ether of Fig.4 A high pressure (Py,=40 bar) hydrogenatlon

para—mtroben/oxc acid) with different initial con- of EEpNBA, T=100° C, C,~0.083 kgpd/m

ditions (T=100 °C at P= 2.5 bar at C.~=0.083 Lancrmur-Hmshelwood mechanism for both gas

kgpd/m) : and hquld components. 1-reaction without pre-
‘ - saturation, 2- reaction with presaturation.

One of reactor construction where the preliminary saturation effect can be used is the
trickle-bed reactor (Fig. 5). Gas from the bottle under pressure feeds the reactor and enters
into the rise tube. Liquid in the tube is lifted by gas bubbles on the principle of air lift. Move-
ment of gas is caused by pressure drop Ap=pi-p2 (p2 lower than p; due to gas consumption on
reaction). During the lifting in the tube gas dissolves in liquid. Saturated with gas liquid
reaches the top of reactor and flows down over the catalyst particles in a thin film where
chemical conversion takes place. Further the liquid flows down to the bottom of reactor and
again enters the rise tube. So the reactor operates cyclically and does not need any pumping.
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flows and distribution of velocities in liquid film:

Mathematical model describing the behavior of gas dissolved in liquid flowing down
through the catalyst bed was developed. Reaction has the first order with respect to gas and
zero order with respect to liquid component. Direction of gas and liquid ﬂows and dlstnbutlon
of liquid velocities are shown in Fig. 6.

' It is assumed that the flow geometry of the model is represented by series of zero vohxme
mixing points separated by relative short lengths of vertical flat plates (e.g. dumped or struc-
tured packing) over which the hquld flows [2]. These small sections {units) can be regarded as
very short falling film contactors. Their expected number per unit bed length is dependent of
the type, shape and size of packing used.

Two types of mathematical models can be developed. In the first one (equilibrium model)
- it is assumed that equilibrium exists between gas and liquid at interface. In this case the sim-
ple equ1hbr1um model is written as [3]: :

2 - :
1“[5) oh_p &% z=0&r20:¥=Y,
64 L 6,-2 o

6‘Y1 e

z20&r=0:¥,= Yf"">0&r 5:8,,D, S Y’Z‘ OZ Hi,i=1,...,4;
' or

i=1: z:O&rZO:Y.zY. ;152340 5 O&r>0 Y—,—JjY(H ryor

-1

At not very hlgh valucs of gas-liquid mass-transfer coefﬁment and at high velocity of liquid,
concentration of gas dissolved in liquid near the mtcrface is lower than its equilibrium value Then
the simple non-equilibrium model is' wrltten as:

Vinax 1”(fj o :DL'QWXL ~ z=0&r20:}3:Ylin 3
5
-52 or” ‘ :

or

z20&r= OS D 5 ﬂgg(Y Y) z>0&r 6 S.D; 6‘Y1

K'Y,

z=0,z=H1,1=l,...,4;1'=1: Z=O&I’ZOZYI:YI'. 5
’ ) in
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The results of numeric solution of given models are presented. o R | Ofges
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In real process gas dissolved concentration diminishes along
- catalyst bed not only due to chemical conversion, but due to

pressure decreasing as well as. :
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- STUDIES ON THE ONSET VELOCITY OF TURBULENT
'FLUIDIZATION FOR ALPHA-ALUMINA PARTICLES

1 VN Kashkm, V. S. Lakhmostov, LA. Zolotarskn, A S Noskov, JJd. Zhou*

Boreskov Instztute of Catalyszs Novoszbzrsk Russza .
- *Solutia Inc. Pensacola, Fi 32560, USA -

Introduction. . ;
Fluidized bed reactors are. among. the most 1mpoﬂant reaetors for heterogeneous catalysis
in chem1ca1 industry. Many com1nerc1a1 gas -solid ﬂu1d1zed bed reactors are operated in the
' bubbhng or turbulent fluidization regimes. Compar_ed to bubbling fluidized beds, gas-solid
eontact efﬁcieney. and chemicél':COnversion afe usually higher in the turbulent fluidized. Tur-
| “bulent ﬂuidized beds have also the advantage of being able to be scaled up with less loss of
reactor efﬁciency [1]. However, a transition from bubbling, > to the turbulent regimeis not well -
deﬁned due to d1fferences in measurement techmques test equ1pment and experimental data
processing methods [2]. ' : , ”
Alpha-alumina is widely used as a catalyst support for many heterogeneous reactions. In

the this work the onset of turbulent fluidization for alpha-alumina pamcles was studied.

Experimental.

Experiments were camed out in a ﬂmdmed bed reactor of 150 mm ID and of 2.3.m
helght at atmosphenc pressure and ambient temperature. Alpha—alumma particles Wlth mean
particle size of 50 pum and particle densit y of 2100 kg/m> were used in experlments Settled
bed height was 0.5 m. Air supplied to the reactor went through a moisturizing column to re-
duce electric static charge. The relative humidity of air was maintained at 70-80%.
 Fluidization regimes were determined by applying a statlstlc analy51s and Fast Fourier
Transfomldtmns (FFT) to both absolute and differential pressure ﬂuc.tuanons measured at dif-
ferent locations. Details of the staustle method could be found elsewhere [3] FFT ana]y51s of
the pressure fluctuations in a fluidized bed was also used by Trnka and Vesely [4] to determi-
nate fluidized bed condition. _ _

Turbulent fluidization is generally characterized by low-amplitude voidage and pressure
fluctuations because of the absence of bubbles. When FFT analysis was used, transition from
bubbhng to turbulent regime occured when dommant frequencies of a pressure fluctuations

started to dlsappear on mcreasmg gas velocﬂy

Experimental resulfs. ,
For the differential pressure measurement, both statistic analySIS and FFT method reveal
a similar transition velocity U, indicating the onset of turbulent fluidization. The transition -

velocity, U, was found to be only slightly affected by the axial distance between two pressure
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ports ‘where measurements were taken The results are m agreement wnh the empmcal corre-
latlon Ue=1.24*A1%" suggested b} Bi and Grace {3} : , :

The transition Veloc1ty determined from absolute pressure ﬂuctuatlon Vamed with the

axial locations. Generally, they.are lower than those obtamed from differential pressure meas-

S urements

o As shown in Table 1 the ttransmon velomtv determmed by statlstlc analysxs agreed well -
: W1th that Irom H?T analysis.

' Table 1. Uc determmed by dlfferent data processing methods.

(FFTmethod) (Statistical method)
APF | 06ms | 0.6-0.8m/s
DPF | 08mis | -~ 0.8 m/s

- APF- absolute pressure ﬂucmatlon measurements

DPF- differential pressure ﬂuctuatxon measurements

An example of amplitude spectra of pressure fluctuations is represén’ted on the Flg 1. At
~low gas velocities (U=0.06 m/s) dominant frequencies of 5 Hz shows bubbles passing the tip
of pressure probe. At gas_veldcity of 0.8 m/s, dominant frequencies decreased t01-2 Hz. Tt
indicates the presence of large bubbles. At gas velocities of 1.0 m/s, dominant frequency band
is relatively wide. Further increase in gas velocity tol.3 nv's led to a substantial decrease in
the amplitude of pressure fluctuation.

100
; et U=0.06 m/s
i —
sol | ———U=0.8 m/s (U)
) U=0.9 m/s
e J=1,3 s

(o2
o

Pressure fluctuations amplitude, Pa

"~"~ »-E%vmr‘a.‘ R

0 * : : H x ¢ ) i " T
S 10 15 20 25 30

Frequency (Hz)

Figure 1. Amplitude spectra of the differential pressure fluctuations measured at 0.31-0.41 m
over the distributor.
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SRR THE EXOTHERMIC CATALYTIC RFACTION '
» ’IN A SINGLE PARTIALLY—WETTED POROUS CATALYST PARTICLE

V A Kmllﬁv, LA. Mlkhallova, S.L Fadeev* M. G Slm’ko** |

Boreskov Imtztute of Catalyszs 3, Pr. Lavrentzeva Novoszbzrsk Russza 630090
e-mail: v.a kirillov@catalysis.nsk.su .
*Institute of Mathematics SB RAS, Novosibirsk, Russza :
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Catalytlc processes in multlphase reactors are often conﬂdered to be very prospectlve for: ;
industrial apphcatlons This induce the partlcular attentlon to the study of a mult1phase cata~
lytIC reactlons ona smgle particle level. Numerous experlmental studles [1—3] report the mul—
_nphclty of catalyst pamcle states m condltmnb of a steady-state catalytlc proces% In our |
recent research such a multlpllctty was studied for the case of the a—methylstyrene hydro-
‘genatlon [4] Data bemo repotted in the cited papers evidence, that B

(i) the catalyst particle can be etther dry, either ﬁlled with hquld (Wetted) or partially

wetted, as well;
| (ii)  phase transitions (vaporization and condcnsatlon) inside the catalyst pamcle can be

» very intensive; » ‘

' (lil) consideration of the caplllary forces is 51gn1ﬁcant for it causes the nnblbltlon of the
- liquid phase. i »

These three statements seem to be importarlt and ought to be consldered, when making
the numerical experiments. Several models, which were euggested earlier [5-10] mark the
significant pfbgress in this field. Howei?er each of these models includes certain assump'tions
which limit the set of its applications. Thus, it is 1mportant to relax some of the assumptlons
of the prev1ous models. '

The objectlve of the present research is to develop the complete mathematical model of
statlonary catalyt1c process on the porous catalvst particle in the system ‘gas-liquid- solid” in

the exothermic reactwn condltmns, as well as to perform the numerical experiments.

Numerical experimehts are perfdrrtled in the frame of the one-dimension model, where:
1) catalyst vparticle is a porous plate and distribﬁtion of pores by radii. is giVen by: a_density_
function f(r); | | |
2) the left side of the plate contacts w1th the gas- llquld flow, the rlght sxde - w1th the gas-

vapor flow;
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.3)

4)

3)

6)

7)

3) 'v

every elementary volume (l 1 +di) 1 is consrdered to consrst of the gas phase and of the lig-

uid phase,w1th gas hold up aJ(Z) and liquid hold up ag(Z) (aptar= 1), gas and liquid hold

,vup, a; and az, temperature pressure and other parameters and yarrables are consrdered

for each / as average values for all elementary volumes (I l+d[)

temperature T'=T() i Is equal for the co- exrstmg phases in every pomt of the plate; heat

 transfer is performed by thermal conduct1v1ty and eonveetrvc motlon of llquld and gas;

exothemnc catalytic reaction oceurs in both gaseous and liquid phases kinetic parameters
dlffer for gas—phase and hqmd—phase reaction; ‘

rates of the phase transmons are determmed by the molecular—k1net1c theory, f »
mass—transfer in’ gas phase follows the “dusty gas” model (1 l] mass-transfer in the hqurd '
phase is a superposrtron of d1ffus1on and conv ective mot1on (incl. 1mb1b1tron) phase tran-
sitions and catalytic reaction are taken into account in the equations of mass-transfer

boundary condxttons mclude 1) mass-transfer in gas phase deduced from the Stefan-

“Maxwell equa’uons at both boundarres of the plate; (11) heat-tr ansfer at both boundaries of

the plate; (iit) mass-transfer in liquid phase at the left boundary, (1v) the ﬁxed value of

extemal wettmg efﬁcrency

S R i
' e ‘\-'1‘,8
‘;;1»6
14
12
~10
Los
L06
0,2- 04

| ,bo,2
oo+ ==7 lag
0002 04 06 08 10

1,04
06

0,4+

Gas hold up -
~ and gas phase composition
Dimensionless temperature

Catalyst particle coordinate, ¢

Figure 1. Example of the calculated profiles along the eatalyst plate:

1 - dimensionless temperature, 2 gas hold up,
3 — mole fraction of H; in gas phase

4 - mole fraction of a-methylstyrene in gas phase.
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Numerlcal experlments gave- stationary proﬁles of liquid imbibition velocrty, tempera-
ture, pressure gas (or liquid) hold up, gas phase and hqurd phase composrtrons along the
‘ catalyst particle. Some examples of the calculated profiles are represented at Figure 1.
The results of the experiments allowed. to study the effect of extemal wettrng efﬁcrency,
heat efﬁcrencres of exothermic reaction and phase transitions, overall rates, average radlus of

the catalyst pores, and other parameters which characterize 1mb1b1t10n of l1qu1d mtrapartlcle

e and external transport processes on the state of the particle. The effect was assessed by ex-

| ammmg the dependencles of catalyst effectlveness all the proﬁles width of the gas-ﬁlled‘

(“dry’ ) zone, and other characteristic values of the process on the specrhc catalyst activity. It

is presented at Figure 2, as an example, the dependence of catalyst effectweness on the cata-

Iytic activity for different values of external wetting efﬁcrcncy ' ' |
5 .

41

34

Catalyst effectiveness, n

R &
0.8
i | e R
04 T T y 1 T T
0 5. 10 L 15 k 20

Catalyst actwtty parameter, @,

Figure 2. The effect of the external wetting efﬁciency, a; (I = 0), on the dependence of
catalityc effectiveness, 1, on catalyst activity: 1 - ax (I = 0) - 0, |
- (1=10) - 0.2;3-a,(1=0)=026,4- 0, (1=0) =034
S5-a;(1=0)=0.62. '

Numerical results established three different types of stationary states of the catalyst par-

ticle, Whenthe particle constitutes:

1. practically non-wetted porous structure, where liquid contacts only external surface of the

particle and is vaporized in thin boundary layer;
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H; : completely hquid-ﬁlled porous structure where liquid is ﬁltered through the partlcle
L partlally wetted (and partlally gas ﬁlled) porous structure:
In the case of parhally wetted catalyst pamcle mteractlon between exotherrmc catalytlc
= reactlon and phase transition leads to the multiple steadv solutlons The regions ol the multi-
ple solutlons were detemnned “ s : '

: The obtalned results of the numerical experiments allow to analyze the role of the mass-
transfer and heat-transfer phenomena (mcl the phase tran51t10ns and liquid. 1mb1b1’aon due to
the capillary forces) in the mult1-phase eatalytle process on the pamally-wetted catalyst partl— :

cle and to evaluate thexr impact on the overall eatalyst performanee

o Acknowledgements — This researeh is supported by RFBR N9 99-01-0035. :
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THE CALCULATION NON- STATIONARY OF INDUSTRIAL MFTHANOL g
SYNTHESIS ATF ORECASTING L

AV, ,Kravtsov, A.A. NOvikov, AA. Sa‘ifulin

Tomsk Poiyte’chnibdl Univers‘ity, T omsk. Rus.tia

, The calculauon in the computer analysrs dynarmcs of a catalytrc actrvrty in time allows to
solve a number of the actual tasks:
‘® elaboratlon of the optrmal teehnologrcal parameters of the mdustnal methanol synthesrs
change strategy in view of catalyst deactrvatron ' R '
o consequences of short-hved overheats of the catalyst
.« usage efﬁcrency of modified flow dragrarns and catalysts forecasung
Thus, the calculatron of non-stationary at mathematrcal model of 1ndu.stnal methanol

svnthesrs development 1s the important problem.

Development of nonAStationary kinetic model of the methanol synthesis. |
The numerous reSearches have shown that irreversible deactivation of aCtive centres dur-

mg the methanol synthesrs can happen asa result of passmg the synthesrs reaction:
[+ CO+2H, >[4 + CHLOH : s
(4] + CO+2H, —[D] + CH,OH IR
, A active centre : |

D~ deactrvated C entre

: In comphance with that the rate of activ 1ty changlng can be leatured by the equatlons
= ;_k LG . | (2)for catalyst Jayer
k. - temperature coefficient;
G- productlvity ofa catalyst layer. , . ‘
- Numerical integration of this equations allows to define change of acatalvtic activity dy-
namics, however the rnain difficulty is a definition of current relative productivity on each

mtegratron step , R
In this work as main toolkit of forecastlng calculatlons is the computer complex

‘SYNTEZ’ [1] was used. Using of thlS computer complex with adequate kinetic models (with
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parameters) allows to deﬁne relat1ve productmty (G) of a catalyst bed and therefore actmty

- ratlo ‘a’ on each integration step

ayy Ty R _ e G Numerical inte- | g, T;
—p  “SYNTEZ” P gration ofthe " f—Jp
Joo ' 1 equation (1) . ,

o Fig. 1. Algorithm of a differential equatiorr nu'r‘ner‘ical integration.

~ Indispensable stage of the catalyst deactivation modelling is the definition of parameters
of the temperature coeff' cient ka. For long-lived explo1tauon of the catalyst thls task was
solved on the basis of the b1g~volume aggregate methanol synthe81s M 750 (ILI-process) de-
sign data. ‘ '

Thus was marked that:
¢ inaccordance with operatlon of the catalyst the actxvxty it falls nonumformly on layers
e the main parameter 1nﬂuent1al n catalyst layer product1v1ty under conditions of fallmg of

s actlvxty, is temperature; S | .

For kinetic parameters of a temperature coefﬁcrent ka of model of ¢ sluggisll” deactiva-
tion on layers definition with usmg of the computer . “SYNTEZ” unit was calculated average
valuevof T, G, a. The design dependence of activity ratios of catalyst layers on time is enough
precisely approximated by simple functions, on the basis of which oae the time dependence of’
deactivation rate and as a result nurnerical values of a temperature coefﬁcient of deactivation
on a beginning, middle and extremity of campaign were obtained.”

At some dispersion of the obtained points (Fig:2) the linear dependence describing data
on all catalyst layers is tracked from which one there are values of parameters of coefficient

of model of “sluggish™ deactivation:
ko =4.52 10° [M’cat/ kemal, E’ = 138769 [Joule /Mole].

Integrating model of deactivatiorr. itis possible to solve the following tasks:

° calculatlon of activity decreasmg and relative product1v1ty of the catalysts layers under
constant technological parameters

e . the analysis of different technological parameters change influence for dynamics of ac-
tivity decreasing and relative productivity of the catalyst; |

e forecasting of the catalysto'verload periods.

134







OP-1I-15

1 08000

_5 106000»
(0] 104000
102000' L R S
049 051 053 055 057 059 061
a3
—~—1 —8-2

Fig. 3. Link of an aVCrage catalytic activitykand productiﬁity of the reaétor block at matching
variants with fixed values of data-ins (1) and with programming of entry temperature

on catalyst layers (2)

Thus, during this work the non-stationary model of methanol éynthesis taking into ok
count of the catalyst deactivation at the regulated mode of his exploxtatlon was designed. On
the basis of non«statlonary model the methodology is proposed. Also; the analy51s of catalytic
act1v1ty change dynamics and operational characterlstlcs of layers four-ledge industrial

methanol synthes1s reactor operation under different conditions of its exploitation is held.

1. AV, Kravtsov, A.A. Novikov, P.I. Koval, D.V. Ivolgin. Computer anélysis of the metha-
nol SyntheSis based on the natural gas chemical—engineering sYstem Abstracts o the XIV
International conference on Chemical Reactors' ‘CHEMREACTOR-14. Russia, Tomsk
1998. 109-110 p.
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CATALYTIC PROPERTIES OF NANOPARTICLES OF N OBLE METALS
WITH EMPHASIS ON THE SELECTIVE OXIDATION OF CO
IN' THE PRESENCE OF HYDROGEN '

B E Nleuwenhuvs, C. A de Wolf RJ H. Grlsel S Carabmerro

Leiden Institute of Chemistry, Leiden University,
- P.O.Box 9502, 2300 RA Leiden, The Netherlands
tel. (31) 71 5274545; fax (31) 71 5274451
 email: b.niecuwe@chem.leidenyniv.nl.

CO oxrdatron and NO reductron (b_y hydrogen and CO) over small Pt and Au partrc]es_
' supported on alumina. ‘ ) k o o ‘

In particular the selective oxidation of CO in the presence of a large excess of hydrogen
will be discussed. Thls part of the research project is motivated by the search for catalysts that
can remove traces of CO in the presence of hydrogen These catalysts are requrred for the
‘ vgenerauon of electrlc energy by using PEFC fuel cells. o “

Gold has long been regarded as catalytrcally inactive. The era of mrmatunzatlon how-
ever, gave access to new- technolog1es that made it possrble to manifacture and characterize
~small Au nanopartrcles (<5 nm) It became clear that very small Au partrcles lughly sup-

ported on surtable metal oxrdes (MO, do exhrblt extraordlnarlly hrgh activity in, e.g., low-
temperature CO oxidation, From here new investigations around Au supported systems arose
and the research in Au catalys1s took a giant leap. ' :

The catalysts used in our studies consist of Pt and Auon y-Aleg and ¢ on MO,/ y-Ale3
M=Mg, Cr, Mn Fe, Co, Ni, Cu and Zn). The preparation of supported Au catalysts is cru-
cial, in-order to obtain highly active Au nanoparticles. Several preparatron techniques to de-

'p'osit Au on y-Al;O3 are compared. The most critical step's in the manufacture of these
catalysts, as well as the effect of MO on the preparation and stability of small Au particles
will be considered and discussed. The catalysts were characterized on Au 'content (AAS), Au
particle size and size distribution (XRD, HRTEM), and the possrble presence of ionic/metallic
Au surface specres (XPS, MbS) The effect of the gold partrcle size and the effect of the pres-
ence of MOy on the activity and the selectwrty w1ll be discussed. It wrll be shown that for CO

' oxrdatron by 02 both the presence of very small gold partrcles and the presence of MOx are of
great 1mportance to obtain a high activity. The behaviour of gold based catalysts n the rele-

' vant reactions will be cornpared with those of other noble metal catalysts

On the basis of our results Wwe propose a formulauon fora novel catalyst for the selectrve

oxidation of CO. In addition, a mechanism is proposed for the relevant processes.
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 NUMERICAL RESEARCH OF MASS TRANSFER
ON THE HONEYCOMB CHANNEL WALLS

- V.P. Zakharov, L A Zolotarskn and V A. Kuz mm

Boreskov Institute of Catalysis, 630090, Novoszbirsk, Russia‘ -
 E-mail: xap@catalysis.nsk.su : ,

Nowadays honeycomb monolrth catalysts ﬁnd more and more applrcatron in modern in-
dustry [l] Particularly, they are used as the second stage in reactors for ammonia oxidation in
mtrrc acid plants [2]. In this case they substrtute a part of platluum gauzes served as the first
ox1datron stage, rect1llnear monohth channels being orthogonal to the gau7e pad and parallel
to the reactor axis. Mass transfer in honeycomb monolith catalysts is an unportant factor of
their efficiency.. _ » , k

Asarule, a longitudinal dependence of mass transfer in monolith channels is evaluated
accordmg to a classic [3] or more novel [4] cotrelations. All these correlations orrgrnate from
a theoretical consideration of a gas flow about a plate of zero thickness, mass transfer coeffi-
cient being dependent on an axial coordinate z as ~z" or ~eZ. But there are experrmental data
onbr‘nass transfer in gas flow about a thick plate in free conditions disproving above correla—»
tions [5] In literature there is no at all data on mass transfer study in case when burrs exist.
‘Such burrs partrally block the inlet of each channel and caused by peculrarrtres of honeycomb
monolith manufacturing technology. '

The aim of the present study is to elucidate the effect of burr length on' mass: transfer in.
honeycomb monolrths with walls of significant thlckness ’ '

A calculatron problem corresponding to a gas flow through honeycomb catalyst (essen-
tially three-dimensional object) is very sophisticated. But it may be reduced to a much simpler
single-plate geometry problem. In accordance with that, the catalytic system is considered asa
two;dimensional infinitive ﬂat-periodic structure consisted of an alternating sequence of par-
allel plates (walls of block cells) and slit channels. One space period includes one solid im-
penetrable plate of hnrte thickness.

Mathematrcal formulatlon of the problem is based on two-dimensional Navrer Stokes
equations coupled with a mass balance equatron for a key reagent. The mass balance equation
accounts for a diffusion i in both directions. Boundary condrtions of perrodmty were used. Gas
ﬂow is considered to be vrscous laminar, isothermal, and 1ncompress1ble Only heterogene-
ous reaction takes place. Catalyst activity is assumed to be extremely hrgh thus providing a
zero concentration of a key reagent at a catalyst surface. As a result ov_fa numerical procedure,
two-dimensional in space, time-depending fields of gas flow velocity. vector compor)ents,

pressure and key reagent concentration are obtained.
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The equations were approxrmated with regard to primitive phy51cal varrables on the base

of Galerkin finite element principle. The Velocuy components and concentration were repre- -
sented n piccew1se-b1hncar basis, pressure — in piecew1se*constant ba51s System time 1nte- ;
gration was performed using. the second order accuracy Rounge-Cutta s scheme w1th |
decouphng of particular model equatlons An 1rnphcit Eulcr scheme was used to approximate
the dlffusron terms. The discrete d1ffusron/convection equations were solved using a version’

' ‘of the ORTHOMIN method The _pressure. ﬁeld was determmed by an original SIMPLE- like :
procedme To provide a convcrgence ofi 1teration algorithms the SLAE scaling was applied.

‘ Calculations were performcd for a grid with a uniform spat1a1 step h equal to 0.05 mm.
The resulted number of nodes 1s 741 x 141, Thus the total number of unknown variables, in-
cludmg two Veloc1ty vectors pressure and concentration ﬁelds achieves a value about 310

1000, A value of a time step was chosen 1o be 1107 S. Because a resultlng solution was non-
statronarv often time-averagmg was necessary to calculate effective mass transfer rates. Up to:

' 10J time steps were needed to reach an accurate averaging at times. ‘

Model parameters used in calculations correspond to the typical reactor for ammoma oxi-

- dation at high-pressure nitric acid plants}. pressure - 7 aim and temperature - 900°C. A plate
thickness was equal to 2 mm, avdistance ibetween plates was 5 mm. These values correspond

exactly to a wall thickness and a square channel size or a commercml monohfh catalyst. The

‘burr thickness was equal to 0.1 mm. k _

In our study [6] we have shown that a platinum gauzes pad has pcrfect rcfractive propemes

This means that the first catalyst stage extinguishes a transverse ve1001ty component, gas flow

leaving the pad in parallel to monoht_h channels of the second catalyst stage. For this reason, we
have studied the cases of only longitudinal or_ientatiOn_of gas flow running over a plate. An uni-
form velocity profile was ﬁxed at a distance equal to a gap between two catalyst stages.

‘The following results were obtaired. ﬁ ' h -

- An increase in the burr length ¢ prov1des a non- monotomc change in the nature of plate
flowing about (ﬁg. 1). In absence of burrs, the flow is cddy and steady state (fig. 1a). An in-
crease in the burr length is accompanied first by an elongation of the shadow recirculating
zone located just behind the 'burr (ﬁg 1b), then a mobility appears in its stern part. With fur-
ther burr length increase, this flow fluctuations amplitude increases, and eventually, as ¢
reaches some critical value, the recirculating zone transforms »completely into a series of non-
steady vortexes. The plate surface free of burrs is characterized by an eddy zone which is al-

- ways presented on the plate edge. One more zone with counter-clockwise gas recirculation

first appears and then disappears downstream at this plate surface. Figure 1c corresponds to

the maximal length of this zone and simultaneously to the maximal length of the shadow zone
behind the burr. As the flow transforms into the fluctuating mode, the effective length of the
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- shadow zone significantly decreases (figs. 1d and 7a) an addltronal embedded recrrculatmg
Zone bemg formed within it (fig. ld) i : S e
Effect of a burr drmensron on the integral mass transfer corresponds well to the noné
monotonous change of flow. behavior. As the burr size: mcreases mass transfer rate is first
| suppressed (fig. 1b corresponds to its minimum), then it srgmﬁcantly increases (fig. 2b) due
to appearing 'vof non-steady vortexes. Prior to the increase in mass transfer, a cons1derably.- |
hlgher conversion occurs on’ the undersurface of the plate Then, the process is more infensive
" on the top surface. The average mass transfer rate on the frontal surface is several times
higher than that on the lateral surfaces Mass transfer is non—umformly distributed along the
lateral surfaces (ﬁg 3) Dotted curves correspond to calculations performed with a zero thick-
" ness of the channel wall of the monolith and without a burr. It is evident that a con51derat10n
of the wall thickness in calculatlons affects srgmﬁcantly the character of mass transfer. Fea-
tures of the curves (m1n1mum or max1mum) shown in ﬁg 3 canbe explamed by analyzmg the
“processes of convectron—drfﬁlsron mass transfer. Local mass transfer rates on the plate surface
without a burr correspond to data of reference [5] quautatrvely ‘ o
~ Thus it was shown that a bur strongly effects mass transfer in the monohth channels

servmg as a turbulator of gas flows:

E e;’« B

F1g 1 Time-averaged streamlmes Gas ﬂow is directed from left to right. .
The burrs are located on left upper edges (c_', denotes burr d1mens10n)
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' Fig.2 Time-averaged processes
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MODELLING OF CRITICAL PHENOMENA FOR THE LIQUID/V APOR- GAS
EXOTHERMIC REACTION ON A SINGLE CATALYST PELLET

A B Shlgarov, AV, Kuhkov, N A. Kuan and V. A Kirillov |

Boreskov Insz‘ttute of Catalysis, Prosp. Akad Lavrentzeva 3, 630090, Novoszbzrsk Russia
e- mazl shzgarov@catalyszs nsk.su, phone/fax (0073832)341 187

kThke' essential part of industrial multiphase (gas- liquid solid) heterogeneous éataﬂytic re-“
actions is carried out in the trickle- bed ad1abat1c reactors. These reactions may be rather exo-
thcrrmc and volatility of the liquid phase may be also noticeable. A typtcal example of such
: reactlons is hydrogenauon of hydrocarbons So far, the p10blem attracting both the academl-'
cian and industrial interest is how to escape hot spots (resultmg in low select1v1ty cocking,
sintering and runaway) and meanwhile to keep productivity of the trickle-bed reactor. The
challenging task is to understand the intrinsic mechanism for transition ’fr'om the well-known
- normal ‘tricklingope'_r:ation»(IiQLiid phase reaction on th}evi'nternally 1iquid filled ca‘talyét) to the
 abnormal one (gas Apha‘sé reaction with vapo.risation'bri partially or completely dry pellets).
The ‘,ex'perimental"investigations of alphametilstyrene (AMS)VV (Germain et.al,, 1974) and cy-
clohexene' (Ruzicka & Hanika, 1994) hydrogenation in a laboratory trickle-bed reactor re-
veéled llystereSiS/multiplicity of steady states and »thé impact of Vapo,riSation; gas phase
reaction and liquid distributioh. Unfortunately no models were suggesfed because the local
picture was unclear. Watson & Harold (1994) were the first to est'ablish multipliéity for cy-
clohexene hydrogenation on pellet scale, though only for the case when the gas flow con-
tained nd vapor and the liquid ﬂdw rate was constant. Recent experimental research (Slin'ko
et.al., 2000; Kulikov et.al., 2000) has pointed out temperature hysteresis phenomena with a
varying liquid»ﬂokw' rate during AMS  hydrogenation on a single catalyst péllet. A mathemati-
cal model of the half-side wetted and partially liquid filled catalyst slab was developed (Har-
old, 1993), but it was not compared with experimental’ data. Both the theoretical and
experimental study of the gas phase hydrogenation of hydrocarbons on the dry catalyst pellet
under external transport control (Kirillov et.al., 2000) partially elucidates the earlier obtained
experimental data. The goal of this paper was to develope mathematical models for undres-
I,ahding,the critical phenomena, which were experimentally observed for the AMS hydro-
genation on the partially wetted éatalyst pellet (Slin’ko et.al., 2000; Kulikov ét,al., 2000).
Althougth our attempts to constﬁxct the unique modél to simulate all the experiméntal data‘
were not successful, we consider two rather crude but hlghlv nonhnear mathematical models
with lumped parameters correspondmg to dlfferent ga% flow composmon The models are
based on the different physical assumptions, which are briefly mentioned in the discussion

chapter (to saﬁsfy the paper volume restrictions).
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1. Case of hydrogen flow, completely saturated with the AMS vapor at gas temperature,
- Bay(1-1)CQ, = ol ~1XTyy ~ T )+ 0 (T, - T, ‘
e, T)=plCCH, call,,-T)
‘ 1>GAM3 BueSEIC—C, My

P T, - , 0 0y o N

‘Here C, =—— vap( ), C= Vap( We‘) o= ————Nux; Biy = ————-————~D Sh(D') D0 ( %o +~~-—~~—-1 "X“J
° RL ° RT, " 477" d D, Dy, -

(Sec Kirillov:et. al ,2000); B, = —[—)‘—Z—S—h(—I?‘—Q =l X0=Pvap(T0)/Piot, R=8.31 J/(mole K),

» Qi =
a e
d=5 mm, K(xo, Xams>AE2) - BrOkay’ga‘s mixture kcor'lduétvivit’y: correlation (Reid et.al);
Ap= 0.33 Wim K); Dy= 5x10° m¥s; Dip= 7.5x10° m¥s; Sh = 2 + 0.6 Re® 8%,

Nu=2+0.6 Re°-5 Pr®®,

2. Case of pure hydrocen flow (w1thout vapor).

reacQ ev cv + ((IS + CpAMS AMS/MAMSXT T )

&.Mi_w ;__SBlZ 1z/hdry o

Tev T *
MAMS BIZ + Dl2/hdry

where C'=Py(T)RT; B = 9‘—2—%@!2,
| }W WO 4 W |
g, - Gau
W2 =0 and hyy =0 if S5 BSC';
: Lams :
w,ggc = Shy, 5 (TR, ) if hyy < h®;
Wr(elgc = GAMS/MAMS = Wev lf hdr) > hgezu:
hige = ST ;on=k exp(- —E—‘JP&?; =k cxp( )Pﬁ“
Sr(T.B,, ) RT) ™ RT
; 2 *‘ 3 ' PHZ
see (Germam et.al., 1974); W, ~ S(DlerCHZ)O B CH2 = T

Q=109x10° J/mole; He=43x10° J/mole; Cp=200 J/(mole K)- Mans=118  kg/mole;
S= 125><10 m’; §=0.036 m/s; a=100 Wt/(mzK) D}, =5x10° m’ 25, u-5x10 m’/s;
F,=37.8x10° J/mole; Ey=41. 810° J/mole; He=15;
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Fig. 1. Experlmental extmctxon phenomenon and modeiling in case of hydrocen flow, saturated by
AMS vapor at Ty = 125°C; cylindrical pellet 4.8 mmx 5.7 mm with eg gg-shell catalyst [
15%Pt/y — ALOs; T; -measurements at pellet centre, T, - under partlcle top -side, -dotted s |
curves - unstable steady states, continuous curves - stable; cross ‘symbols - points of theoreti-

. cal extinction.
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Fig. 2. Experimental- hvsteresxs phenomenon and modelling under pure hydrogen gas flow at
To=110°C.  AE -upper stable branch (total AMC - vaporisation and conversion),
IB -lower stable branch (FB-pellet filled by liquid, no gas reaction but evaporation),
EI -unstable branch, 1 -ignition point, E -extinction point,
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Dlscussmn : : ‘ -
The mathematical models successfully simulate the expenmental data on the crmcal phe—

nomena observed for the catalyst pellet which is fed Wlth liquid AMS and blown either with

e AMS-vapor saturated or pure hydrogen In the first case (Fig. 1), the extmctlon conditions are

~controlled by fractxon f of the pellet wetted surface and by 1nten51ty of heat transfer through ‘
the pamcle that i is, by 11near size and thermal conduct1v1ty of the pellet In the second case
(Flg.2), the mode_l displays hysteres1s. The nature of this hysteresis is assocxated with interac-
tion between the pellet dryiug and the gas phose hydrogenation proeeeding in the dried sub-
s_urface'layer of the pellet. For lower stable branch IFB ﬁliduid is ev’aporated not far from the
- external pellet surface and AMS vapor conversion 1s ‘negligable and so ﬂow~pellet tempefe—
- ture difference is negatlve If liquid ﬂow rate decreases, the thikness of dry layer increases re-
sultmg in 1gmt10n via the gas phase reactlon The Vaponsatlon/reactlon front shifts deep 1n51de
the porous pelletl ThlS state corresponds lOO% AMS conversion on the upper stable branch
AE when thickness of the gaseou's reaction zone (assuming zero AMS order) is much smaller
than that of the dry layer. If this unequality reverses with the increasing liquid flow rate and
eoﬁversion becomes uhsuﬁicient the catalyst'pellet extinction occurs.. '

Our results may be helpful for. analysmg the accumulated expenmental data concemmg

the problem of hot spots and runaway in the muluphase reactors
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INVESTIGATION OF ST EADY STATES MULTIPLICITY IN HETEROGENEOUS ’
: CATALYTIC REACTI()NS KINETICS

N L. Koltsov* and F J Kenl

*Department of Physzcal (’hemzsz‘ry, Chuvash State Umverszzy Moskovskzz prospekt 135,
428015 Cheboksary, Russia, phone: (+78352)498792, e-mail:koltsov@chuvsu.ru
-Department of Chemical Engineering, Technical University of Hamburg-Harburg,

Ezssendorfe} Strasse 38, D-21073 Hamburg, Germany, phone: ( +49040)428783 042,
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One of the current problems In kinetics is the mvestlgatlon of the multiplicity of steady
states (MSS) and the shapes of the phase’ portralts in heterogeneous catalytw reactxons Some
1mp0rtant results in this field of research is reviewed in this paper. We will first discuss the
shapes of the kinetic curves which reveal multiplicity. MSS of reaction rates are investigéted
as a functioxi of one pa:ameterj(concentratio'rt of one react_ant, temperatﬁre, ﬂow rate of one '
reactant'~etc.). Th'e‘se‘ dep‘endeneies are'chardcterized by the existence of some different~stable
regimes of reaction proceeding under the same cohditions. Typical shapes of kinetic phase

planes which are characterized by MSS are given in Fig: 1.-

T i b T
7
/
,) |
- parameter, C ) ‘ parameter, C
T r by _
d e TN f

TR

parameter, C Lo S S parameter, C ~  parameter, C.

Fig. 1. Mul’uphmty shapes of steady states: a - ant1clockw15e hysteresis, b- ' clockwisc"
hysteresis, c- self-crossing ("loop”), d- breakdown , e - isola, f - mushroom (solid

lines-steady stationary states, broken lines- unstead*y stationary states)
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s S-shaped hysteresrs Examples of MSS of heterogeneous catalytrc react1ons grven in the |
‘form of S-shaped hysteresis are the ox1dat1on of hydrogen, carbon monooxide etc. In most
. cases for the descrrptron of hysteresis in the above’mentmned reactions, the mechamsms
:characteru:ed by 1nterract10n of adsorbed components on a catalyst surface were used The
most effective approach finding of MSS is the mathematical criterion offered in paper [1].
lThe criterion allows on the ba51s of the stoichiometric matrix of mtermedrate and basic com-
»ponents ofa reac’non scheme to detect unequwocally the ex1stence of MSS, and also to deﬁne
2 set of stages ensunng MSS on kmetrc propcrttes of an mvestrgated catalytic reactron as
function of the concentration of intermediate components The cnterlon includes the neces-

sary condltlons of existence of MSS for reversible and 1rrevers1ble stages respectrvely
(- e U Lslat sl *bf 50 ros 20, a
k Zalj Z ik Z i j 4 ],"l‘.% ik ULk k > or &g »o | )
We=Xa ¥ +LbjyUy for@ ;=0

The sufficient conditions of MSS are ’ :
J,j: V<0<V, : h 3)
Up<0<U, <W or Upz02Up2W, @

where ®; - refers to the number of stages in reverse drrectrons alj , ,] >0 (Za,] Zag )-

stoichiometric coefficients of intermediates X i and basic A - substances; VJ alnw
o o) | .
Up=1In lzl) REAdT I (1) |- ©On the basis of the description of a MSS criterion one can
C
k

conclude that there is MSS only when at least two different sets of concentrations of interme-

diate compounds xg-l) s xE-Z) and concentrations of basic substances Cl(cl) and C;(Cz) with cor-

reponding nonz'ero’ values of process D and @ | (r(}') 2@ ) exist. For a Catalytic ’reaction
of carbon monooxide oxidation on platinum [2] proceeding according to the scheme

| 1. 042K=2KO, 2. COtKO+K—>COy12K |
where K and OK are free and occupled by oxygen catalyst surface centres respectively,

MSS according to the relations (1) and (2) will occur under the followmg conditions:
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HeA (R - W)(sz 21)>0, W = Vl+V2+U2
‘_ The relatlons (1) and 2) are “carried out, for example for W= 2 Vl 6 : V2 =¥2 e
Ul -~I3 U, =—2 (the parameters Ui and Uz correspond o substances of Oz and CO). ‘

The gnven values sat1sfy the vector cornponents V and U, and also the 1nequa11t1es (3) (4)

Self—crossmg Another shape of MSSisa kmetrc curve w1th self-crossmg (Fig. 1e). This
critical phenomenon is characterized by the fact that the graph of reactlon rate, dependent on”
one parameter crosses itself at one pomt This leads to a kmetxc "oop". Tt is worth to note that
at the self—crossrng point, which is characterrzed by various values of »1ntermed1ate substance ,
concentratlons ona catalyst surface the reaction rate has the same value. The equatlons of the

MSS criteria (1) (2) in case ot self—crossmg wﬂI be written down in the followmg way

zalj J(Z(az] ’])V])>0‘ (&)_1?50) s k (5)
' Za?,fVﬁOQ L (ey=0) %

The simplest meChanism satisfying to this ‘criterion for A1‘<:>'A2 reaction is _
L 4+ X+ Xy = 2K+ 4y, 2. X[ 42X, =3X,, G

; Bricakdown As can be observed, under certain conditions pointsA and B in Fig.1c with
self—crosslng can exist very close to each other which leads to a kinetic curve with break-
down The kinetic behavior of this form was obtained for reactions of carbon monoox1de and
hydrogen oxidation on platlnum metals. Be51des these examples the appearence like break-
down were obtamed at joint oxidation of carbon monooxrde and nitrogen oxide. In works
[3,4] the criterion of occurrence of a breakdown is offered at the certain values of rate con-
stants of stages. It is shown that the relations of the criteria of a breakddwnare equivalent to
basic telations of criteria of sclf-crossing of kinetic dependences. This researche shows that
kinetic dependences with self-crossing and with a breakdown are determined byk identical
states in reaction stoichiometry, although they are different Shapes of MSS. Therefore for de-
scribing breakdoWn it is quite sufficient have reaction schemes giving sélf—crossing of Kinetic
curves. Fig. 1d illustrates breakdown for scheme (7). The most simple schemes of catalytic
hydrogen ox1dat10n reaction describing MSS in the form of breakdown (or mth self—crossmg)
kinetic dependencres are the followmg |

1.0, +2K =2K0, 2. H2+K KH?_,3 KO+KH2—+2K+H20

Isola (F ig. le). The cx1st_ence conditions of this shape for a nonftsothermal reaction of the

first order are formulated in paper [5]. The basic cause of appearance of isola is a process of
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"rolling - unrolling'f of'va' rnus,hroom: curve m F1g ' lf_, which is d}es\cribed in papers [6,7]. The

isola in dependence graph r(C) cein be obtained from a kinetic curve having "a special point”

15.8]. If one of the parameters changes slightly, thls pomt becomes an isola. The SImplest

,model of a klnetlc curve mth isola reahzatlon isaAe D reactlon proceedmg via an inter-
mediate B accordmg to the followmg scheme, ; '

1A+2B+X1 X2+3B ZB+3X1+X2 4X1+D

_for which shows p051b111ty of existence of 1sola on the dependence r(CB)

Mushroom Mushroom behavxor (Fig. 1f) can be con51dered asa monoparameter kinetic
curve which consists of two S- shaped hystere31s branches. This MSS shape rarely appears. .
- The mushroom shape is a transitional one between 1solated and selfcrossmg kinetic curves
~ The mushroom shape is connected with- ex1stence of "a special point". The 1nvest1gatlon of
3 stoichiometric conditions of ' speclai pomt“ existence of the kmetlcs showed some mterestmg
: .results For example the B < 2B1 reaction proceedlng via the followmg scheme

LBy Xy =X +By, 23X =X3+B), 3.2X+X3=3Xy,
describes the 'kinet_ics with isola under ceriain condivtv.i‘on‘s (Fig. le). If the conditions change, '
: approaching and Blending “of the isola with a monotonous branch takes place. Thus, self-
~ 'crossmg appears (Fig. 1¢) which tums into'a mushroom form (Fig. 1f). |
* The condmons and criteria of MSS and its different shapes are mathematlcal relations
which contam stmchmmetry, concentranons of components and kmetlc parameters The solu- -
tion of these algebralc equatlons for catalytlc reactions proceedmg via multiple stage schemes

it can be done by applymg computers [9]
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DYNAMIC BEHAVIOR OF SELECTIVE HYDROGEN SULFIDE
OXIDATI()N INA FLUIDIZED BED :
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Institute ofPetrochemz'stry and Catalysis of Bashkir Academy of Sciences
450075, Russia, Ufa, Prospekt Oktyab; va, 141
o Fax: 3472-312750 '
E-mazl spzvak@bsu bshedu ru

The analysis of three kinetic models of selective hydrogen sulfide oxidation> over metal
oxide catalyst was carried out and the kmetlc parameters of the mechamsm of the reaction :
were found. Flom a companson of calculated and expenmental data for consequent simuld-
tion of the process it was selected the scheme of transformations which took into account the
dissociative adsbrption of oixygen'

This kinetic model con51ders tormatlon -of sulfur not only as a 'S structure, but also 1ts }
transformatlon into 84, 86 and Sg structures these were in a thermodynamm equ1hbr1um In
add1t10n it is assumed the catalyst deactlvatlon by the formation of sulfur deposits on an ac-
tive surface , , e (

For smulation of the process the trans,lent two-phaee dispersmn model of ﬂu1d1zed bed |
reactor was developed. The model take into account heat- and mass- transfer in a dense phase
at the expense of a_ thermal conduction and lengitudinal diffusion, tranSpofts in a dense phase
aﬁd phase of bubbles by convection streams and also by Stefan stream, which arises ‘be_céuse
of a decreasing of mole number during a chemical reaction. The computing of hydrodynamic
and transport parameters was made by the use of the empirical criteria equations.

The model equations of mass and energy balances for the dense and gas phases for an

adiabatic reactor are given by

Oy ) LW
R AR XURMEN

OX , ox,
sa—q)%t%w PUZ =05, + 00y, -x)

ol
€ Uda
—(1— JRAF IS i
b= q)JZI C (] —¢) edl
€, 21U 270 13 5, i, T-0) £ QW
: §e=1
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RO q)UﬁT——f(Bs _+u)(0 &

The mmal and boundary condrtrons are:

t—*O U UQ,Y1, OX} 3T~VTO:‘®“QO;’k

1=0: U=Up x=x’ T=T, D%yqu(y x%), xT“qU(@ T),
=P pPisg
a o a

With. the help of reactor model 1t was carrled out the computmg experrment and oondr-
- tions of" the optimum- process operatron were tound The calculations were made i in the tem-
N perature range 100...3309(3, in the st concentration range 5..30% (vol.) and at atmospherrc :

:‘pressure. | - o . ’ s g |
- One of the important problems for practioal realization of selective hydrogen qulﬁde oxi—
datron process is the determination of maxrmal initial value of hydrogen sulfide concentration,
as its exceeds thatlts in "heat explosion”. i

~It'was established, that the initial hydrogen sulhde concentratron should not exceed 25 %
(vol.). Otherwise it is 1mpossrble to remove enough of heat amoum therefore at begmnmg of
the bed "heat explosron actually happens (see fig.1). Under these conditions there is com-

plete hydrogen sulfide oxidation with sulfur dioxide production. -

450 R

400 +
e N
300

250

C

0
s

‘ Temperature

200
150

100 s
0 02 04 06 08 1

Reactor length, m

Fig. 1. Temperature profiles of dense (®) and babble (T) phases at the “heat explosion” conditions

(initial hydrogen sulfide concentration is 25%(vol.), surface of heat removing is 16 M/M)
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* For initial hydrogen sulﬁde concentratlons 12 9%(Vol) it'was calculated a transition
range up to the steady states with high (more than 99%) hydrogen sulﬁde conversmn

There were computed also the 1gn1tlon temperatures of process T m dependence on ini- -

t1al temperature of the catalyst @ and 1n1t1al hydrogen sulfide concentration [HgS]0 (see

jtabl. 1).

Table 1’

Sl | 10% (vol.) . 15% (vol) -
S @,°C | 171 | 169 | 168 | 167 | 170 | 169 | 167 | 166
T,.°C | 60 | 651 | 702 1 798 1 55 | 507 70 | 80

- The followmg optlmurn modes of operattons of a reactor of length 3m and dlameter
0. 4 m was found, WhICh was loaded with 250 kg of catalyst ' o '
For [HzS]0 10% (Vol) Ggas= 180 m3/h T, = 70°C; ®, = 168°C.
‘For {st]o—w% (vol) Ggﬂs 180 fn3/h To = 60°C; ©, = 169°C.

Notation
yiand xj — compound concentration in the dense and babble phase'\ W, —rate of chemical re-
actrons U- local gas veloc1ty, q fraction of stream, passmg through dense phase - rate of
the Stefan stream Br, Pu — heat- and mass-exchange coefﬁcrents £, £, — void fraction of the
fluidized and fixed beds; D, A — effective diffusion and thermal _con_ductivity; ®, T — tem-
perature of dense and gas phases; Cy, Cp — heat capacity of the catalyst'and gas; 1/f - coeffi-
cient of bed expansion; C, — mole density of gas; S;, _ external speciﬁc catalyst particle
surface; Q; — heat of reactions‘; I, H- longltudlnal coordinate and height of the fluidized bed;

{ - time.
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' CATALYST DEACTIVATION MODELS BASED ON STAGE MECHANISMS

NM Ostrovsku G

" Boi‘eskov Institute of Catalysis, Omsk Department; Russia

It is demonstrated: how deactlvatlon equatlons can be derived using" the Bodenstam .
pr1nc1p1e of quasi-steady state. A common equation for any linear mechamsm 1s suggested as
well ‘as equations for some nonlinear (binary) mechamsms Equa‘uon for “qualitative
deactivation”, when an active center is transformed to another one, is discussed. Several
examples are given regardmg various reaction’ mechanisms and reactlons Some rules are
proposed for 1nterpret1ng deactivation experlments ‘ '

" Deactivation has to be con51dered as an unsteady state 1rrever51ble pmcess of catalyst
evolution in a quasi- steady state reaction occurring on the catalyst. e
- The Bodenstain’s prmc1p1e of quasl—steady state is vahd for deactlvation as: -

46 dg)e LNd@O LM 2@129

S R et =

di di J dt = i
-

where @) are concentrations of intermediates (coverage), partieipéting in the catalytic c'ycle;
@p, refers to coverage excluded from the catalytic cycle due to deactwatmn
‘ Quasi-steady state apphcdtlon is possible due to the fact, that deactivation rate (rp) is
significantly lower in comparison to reaction rate (). In turn aging rate (r,) is slower than de-
activation rate: . r >> rp >> ry . Just this fact allows us to show that at quaSi—steady state
approx1mat10n each coverage &) decreases proportlonally to its 1n1t1al value o7, and to active
surface (1 @p) {1] _ , ‘
| 90 =6 [1- oL j=l.N @

In the quasi- steady state the initial (r°).and current () reactlon rates are equal to the rate

of any step ( r=r;)of reactlon mechamsm , .
= w00 w6, w,@ W @,H, I e v 3)

whete w; - is corresponding step weight (w; = r;/6)). |

Since relative activity is a = r/#° , the combination of (2) and (3) gwes

=ran,  rO=r[-60L aO=1-60 @
Linear mechanisms. Using (2,4) one can derive deactivation kinetics equations for any

linear mechanism. It may be presented as a catalytic cycle with reaction rate r {see 5). Deacti-
vation and self-regeneration are assumed to be slow steps external to catalytic cycle:

AT TS ae, AR
@@J .=">>>rP Op “”C‘Z,;——WP@ "WR@P o ‘ (%)
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where Fitp, R~ are the rates: of reaction, deactlva‘uon and self—regenerauon (for example by |
H, in reformmg or by H,O in CHy conversmn) w;=r;/6, are the welght of steps whlch are
the functions of concentration and temperature S SR

~According to 2) & = @0 (1- @p) and @7 may be expressed through the rate and
welght of the j-th step @0 = rj °/ wj In quasi-steady state r°=r;", therefore

: _ ~ dOp r? :
e = 5»&-;(1-,_@,3), and Pl (1 @P) O
. Sinee from (4) a=1-6p, then da=-d6p and consequenﬂy
d o » : ‘ .
oL wPa+wR(1~—a) %
In case of reVer51b1e deacﬁvation (i.e.' at Self-regeneration by Ha, H,0 ete.) éictiVity jre? S
dueesvto‘;some stationary level(as), but not to zero. This level is attained at time 7 > 5 when
deactivation rate (rp) becomes equal to the rate of self-regeneration (rg). So in(7) at = fg:
(r°/ w;) wp as #wg(1- as). Therefore, we may exclude parameter wx from equation (7), and to
replace it by as, which is more useful as is determined from experimental data. The equauon‘

obtained has the structure that is common for any linear mechanism:

BEEE - -

: (ﬁ,(C, 0)- function] {fd (C,T) - function} {];(C, - functioﬂ

of main reaction of deactivation of activity

" Nonlinear mechanisms. The same apprdaeh can be applied to some nonlinear meeha-
nism. Because of a very low probability for more than two species to interact on the surface,
most nonlinear mechanisms can be reduced to binary interactions in the adsorbed layer. Only
three types of nonlinear binary mechanisms can be formulated

Double-center adsorption | Surface dimerization Surface disproportionation

AZ,BZ are precursors of poison or coke, PZ 1is .blocked center. .

In the first case 1 precursor molecule poisons 2 active sites. In the second case 2 mole-
cules poison 1 site, and in the third case 1 molecule poisons 1 site.
For these nonlinear mechanisms one can also obtain rather common and rigorous equa-
tions, that are different for linear (9a) and nonlinear (9b) main reaction mechanisms:
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. da - '; 2 , ’ da 5 S - o | :
——=—-wpf1(rT)a, o ==wp fr(rT)a a, S 9a,b)

o pHi(r7) s pfa(r”) - (9a,b) |

Equations for reversible deactivation (with self-regeneration) are presented as (10a) for linear,

and (10b) for nonlinear mechanism of the main reaction (example of acetylene hydrogena-

tion). In cach case the “Surfade dimerization” as a mechanism of deactivation was assumed.

v da - kp ( ) da i 2kp 2 2 = . :
“mdmt—lw:;; (- aS) aS(l a) “'dt ~1%a_§-(a —_»aS)af_f’a. L -(loé’b)f

“Qualitatwe deactlvatmn is an another nonlinear phenomenon. It means that during
deactivation some active sites, that are poisoning or blocking, can also transform into another
type sites. On such sites the reaction also occurs, but with a different rate. Schematically it can
be presented as some catalytic cycleonZ - type sites (reactlon rate rz) with slow dcactwatmn
rp) and qlow transformatlon (ry y-of Z to X - type 51te<; (reaction rate ry): :

7 centers. P Xcenters | [ p
deactivation : formation
€1 Oy : > Oy EREEY (1)

rp S ¥E -

If the rate of reaction on initial sites is higher than on new sites (rz > ry), activity falls
continuously. In the opposite case (rz <ry) activity initially grows and then decreases due to
~ deactivation. Usmg the approach described above it is possdale to derive a common equation
for “qualitative deactlvatlon Activity (a) in this case is the functlon of activities of Z and X
sites: a =(rz+ry)/r = az+ay a,=1-Op-Ox (1- ay), where n =1y /rz . "Therefore

_da_ s Mp L YE (a s am} - N 12)
dt W 7p Wz p l+y ; : ' : :
where ¥ = wr wzp/ wp wzr ; w; are the weights of deactivation steps (wp) and new sites gen-
eration (iv;:) and of Steps where sites Z are consumed, &7, that take part in rp{wzp) and in rp
(wze). Similar approach was apphed to dyndxmcs in the process of HDS-HDA of motor fuels
on a sulfide catalyst [2], and in complete oxidation of aromatics on ox1des
Analysis of experimental data. In practice and in the literature one can find several
typical mistakes in experiments interpreting. The main mistake consists in using the relation-
ship a = X/ X° for relative activity instead of @ = r / °. Such a ratio of current and initial
conversion is valid only for zero order reaction and only in gradientless reactor. Indeed the
relation a = f{X) is defined by reaction kinetics and by type of reactor, but it does not depend
on deactivation kinetics. The corresponding formulas are listed in table 1. ,
Another mistake comes from interpretation of deactivation curves a(t) and X(t) since
 their shapes usually differ. Furthermore, it was shown in this work that X{r) - curves have the
flex-points even in the snnplest case, when daldt = - kp a. The coordinates of the ﬂex«pemts
and correspondmg equations are listed in table 2. It is 1mportant that flex-point usually disap-
~ pears if X° <X, . In the integral reactor the analysis and mterpretatlon of experiments is com-
plicated, because of activity gradient in catalyst bed. ‘
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Table 1. The relations of activity vs. conversion.

- Reaction order : Gradiventles‘s' reactor - Plug flow reactor = - |
* Common case | ‘;%(1..)(?)”’ <t (@)= (1_){)1"”.“ -, nzl
. X0 (=X (-X%)"" -1
n=0. aéX/X’ :i:,“k(a")'=X/X" _

A=l C1-Xx° x la(-X)

(irreversible) Ay D i

(evem g Xc>?_ XP X O ma-x°xp)
o =X x @ 1 X X
Tt X°  a- - X)? - oxe 1=X

Xp - equ111br1um conversion, (a) -average act1v1ty of catalvsl bed.

Table 2. Flex - point coo‘rdinates Xm in curves of X(1). }?: kpCA" .

| Type of deactivation » Gradientless reactor | Plug flow reactor
. Independent dX/dt=-y(1-X) X dX Jdt =y (1-X) In(1-X)
daldt =y a X, =0.50 L X,=063
By initial substance d)( Jdt = - ¥ (1;}\’)2- X dx/de=- y (1-X) X
daldt=-kpCja X,=033 | =0.50
- By product dX/dr=-y (1-X) X° dX /dt =y (I—X) X+ In(1-X)]
daldt=-kr Cra__ X,=067 | X =0.80

However the problem can be solv ed in a case of linear kmcucs using terms of average
act1v1ty of bed (@)= [a(&) d¢. ‘Then equatlons for conversion x(g“ £) and activity a(&r), that
are chdnge with time (¢) and coordinate (&), can be reduced to one equatmn for conversion at
the exit of reactor: X (f) = x(l 7). The correspondmg equatlons are listed in Table 2.
‘ For reverslbrle,deactlvatxon accompamed by self-regeneration:

dx | In(-xy)
dt S

et b 7 L E | 13
In(1— X)) @ i R 13
where X - is stationary conversion that corresponds to (as); ¥ (X) - function represents type
of deactivation: ¥j(X) = y(1-X) In(1-X) - independent; ¥2(X) = -y (1-X) X - by initial sub-
stance; %(X) y(1-X) [X + In(1- X)] by product. Here 7 kp C, .

1 Ovtrovsan M, YablonskuGS React. Kmet Catal. Lett., 39 287-292(1989) ,
2. OstrovskuN M, Gulyaev KS, StartsevAN Reutova O.A.. CanadlanJ Chem. Eng 74, 445-456
_(1997). ’
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CHEMICAL REACTIONS IN SUPERCRITICAL SOLVENTS
FUNDAMENTALS AND APPLICATIONS

Vladlmlr I Amkeev. Anna Yermakova

Boreskov Institute of Caz‘alysis, Pr. Lavrentieva, 5, Novosibirsk 630090, Russia
i Fax: 7 383 23974 47, E-mail: anik@catalyszs nsk.su

Supercrltlcal ﬂulds (SCFS) or solvents w1th unlque properties are w1dely used in d1fferent
applications for separatlon and extractron of substances for a long time. However, only for the |
; y,last decade the SCFs were seriously c0n51dered as the reactrve ‘media for different processes:
complex organlc and new materlals synthesrs utrhzatron of toxrc ‘and hannful substances |
utlhzatron of municipal and industry waste, conversion of low-quality fuels, etc. .

- Very important for industry are processes, Whrch are camed out at hrgh pressure and
temperatures including area of supercritical parameters of process.. ’[he examples of sueh
processes are ammonia and methanol production; high alcohols synthesrs, hydrocarbon syn-
thesis by the Fischer-Tropsch reaction, hydrogenation of unsattir;ited organics in supercritical
solvents, and also many other processes. It is known, that in the supercritical_cenditionsthe
’properties of the reaction mixture differ strongly from the properties Qf vthe: ideal gasv,‘ 'atrd
these deviatiOns cannot be neglected at czrlculation of the kinetic, equﬂibrium constarlts For
this reason, the choice of adequate thermodynamrc mode] for the descrlptron P-V-T of prop- ‘
erties of not ideal mixes plays an 1mp0rtant role at calculation of kmetrcs and chemrcal equi-
librium.

An effect of the non-ideal reaction mixture on the Fischer—.Tropsch (FT) synthesis reac-
tion rate in the‘supercritieavl propane and n—hexane is reported. Using the experimental data on
kinetic of the Fischer-Tropsch reaction, obtained for the commercial precipitated promoted
iron catalyst, the kinetic model is designed. In this medel the effect ef nonideality of the re-
action medium on the reactlon rate is taken into account by 1ntroduc1ng fugaczty coefficients
derived from a modified Rcdhch—Kwong~SoaVe equation of state.. The equations for de-
scrrptlon of two Anderson- Shultz-Flory drstrrbutrons dependent from the carbon monoxide
and hydrogen fugaertres in the reaction mlxture are given for saturated and unsaturated hydro-
carbons. The proposed kinetic model i is applicable at 7' = 523-623 K and P = 6-100 atm. A
~ method based on the calculated critical parameters of the reaction mixture is proposed for the
selection of suitable supercritical solvent and for the optimization of its conc,errtration. The re-

action rate and the total yield of C,Hz, (n 2 2) olefins (including the desired fraction Cs—Cjy)
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under supercrrtlcal condrtrons were demonstrated to be essentlally hlgher than those for the

reference process carned out in the absence of solvent.
Effect ofSuperc'ritical WateriDens’ity 0n t'he'Rateof 2‘-—p‘ropano'li’Dehydraticn'Reaction f

The new experlmental techmque to studv kmetlcs and thermodynarmcs of chemical reac-
txons in supercritical solvents i is suggestcd Kmetrcs and mechamsm of 2-pr0pan01 dehydra- -
tron reaction in supercrmcal water (SCW) in the batch reactor are investigated. It has been
shown, first, that the rnechamsm of the dehydratron reaction essentially differs from the reac-
tion mechanisn | m the presence of the homogeneous acid catalyst secondly thc rate of reac-' |
tion depends consrderably ot the SCW densrty In the result of experrrnental researches of
hydrolysis and hydrogenation reactions of the main products of reaction of 2-propanol dehy-
dration, the basic mechanism of 2-pr0panol dehydration in supercritical water is offered. The
experirnental dat}a‘ are well:des'cribed‘ by the first order reaction, Kinetics of 2-propanol dehy—

: drariorr has been jrnve'stigated,ltheValues of the first-order rate and equilibrium constants have
been found. |

“It has been shown, thdt CSW den51ty can be used as pdrdmeter for control kinetics and

selectrvrty of chemical reaction.

‘Molar yield

0 160 200 300 400 500 . 800 700

Resident time, min

Molar yield of 2-propanol and propane Versrls the resident time by different SCW. densities.

.

* Temperature 393° C
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| SIMULATION OF TUBULAR REACTOR FOR NITROUS OXIDE PRODUCTION

A.S. Noskov, L A Zolotarskii, S.A. Pokmvskava, V. N Korotkikh,
. V.N. Kashlun, V.V. Mokrmsku, E M. Stavinskaya

Boreskbv Institute of Calalysis, Novosibirsk, pr. Akademika Lavrentieim,l  5, Russia
Phone: 007-3832-344491, fax: 007-3832-341878, E-mail: pokrov@catalysis.nsk.su
" Nitroﬁé dxide is wid‘ely‘ kno‘wn as a mild oxidizer for the paﬁial oxidatioﬁ of hydrocar—
bons, consider for examplé the process of benzene oiidation to pﬁenol jointly developed by
th‘er Boreskov Institute of Céyté_l_ysis and Solutia [1,2]. Widespread wmmercial adoption of this -
proées‘s r’eqni‘re’si ’an inexpeﬁsiire proceés for producing nitfous oxide. This 1'e1301t presents the
joint efforts of the Boreskov Institute of Catalysis ‘and, Solutia towards the development of a
| catalytlc process for ammoma ox1dc1t10n to nitrous ox1de in a tubular reactor. The report ad-
dresses lab-scale kinetics studleq mathematlcal reactor modehng and pllot—scale trials of this

pI‘ 0OCCSS.

~ Catalyst : }
A MnO,/Bi;03/Al,04 catalytic system has been shown to provide high selectivity of am-
monia oxidation towards: nitrous oxide [3]. Batches of this catéﬂ‘yst shaped as spheres were

prepéred for a pilot reactor.

Kinetic study

Lab-scale studies of the catalyst properties in ‘an isothermal plug flow reactor and in a
continudus stirred -tank reactor reveal-that nitrous oxide selectivity grows with increasing
~ ammonia conversion. Incfeasing the oxygen and water éoncentrations in the System also leads
to higher N>O selectivity. In the optimal operating temperature range, 310-370°C, the nitrous
oxide selectiV‘ity reaches 90-92 % (See Fig.1) while nitrogen oxide selectivity rémains in the

range 0.3-0.5 %.
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Fig.l! N, O selectivity versus oxygen concentration at temperaturé 350°C.

Reéctor modelling

A quaSi-homogeneous model of heat and mass transfer along the tube radius was devel-
~ oped to find the optimal operatihg regimes for pilot and industrial reactors. The model used
reacljicnb_‘rate,constants and activation énergies determined from e’xperiments in the Jab sc'ale‘
reactors. Special experiments flowing an ammonia-free gas in a reactor were used to correct
the heat transfer parameters. The optimal operating regime for the pilot reactor was chosen
based on restrictions imposed by the hot spot teﬁﬁperature, pressure drop, and hot spot tem-
perature sensitivity to cooling agent temperature. The modeling allows one to détennine op-
timal pilot reactor dimensions, choose optimal operation regimes, and find optimal catalyst

activity and geometry. Additiohally, the model provides a guide for the kexperimental efforts.

Pilot reactor testing :
The process was piloted in a single-tube reactor as a model of part of a multi-tubular in-
dustrial reactor. The reactor tube was placed in a fluidized sand bed for cooling. The operating:

conditions are given in Tablel.
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. OPIIE1
- Tablel.

Catalyst height

1.8-4 m.

~:Ga‘s_v superficial VGIOCity

2.0-3.5 st m/sec

Inlet NH; concentration 14-5voL % v
Temperature 250 - 400‘°C' |
Average pressure [.5-25atm

Catalyst Load

1.0-23 liters

Catalyst Particle Diameter

5‘ —6mm

- Nitrous oxide selectivity of 87-89% was obtained with almost complete conversion of

ammonia.

- Comparisons of the temperature profiles measured and calculated using the mathematical

model with and without reaction are in good ‘agreement (about 15°C accuracy). Fig.2 shows a

comparison of the measured and calculated temperature profiles. The accuracy of the model

gives confidence that it can be used successfully for optimizing an industrial multi-tubular re-

actor.

e experiment |

...... modelling
400
B
5 -jF T
360 +
o’ - = B .
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= == ..
5 320 :’ pin
Q‘ :
g - :
8 -
S 280 |
< =
240 .F
i P B . i .'
0 0.25 0.50 0.75 1.00

‘Dimensionless catalyst bed length

Fig.2. Steady-state axial temperature profile in N>O synthesis.
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Conclusmns }
| The characterlstlcs for mdustnal reactor wrth the ring- shaped catalyst were determmed on .
the basrs of modelmg and prlot testrng The modehng studres showed that an inlet ammoma
: concentratron up to 7-8 % could be used in a tubular reaclor packed by a Rashrg ring catalyst f
In addition, for the condrtlons consrdered the hot spot temperature in the reactor does not ex-
ceed 400°C (a rise of 160°C above the inlet temperature as compared to the theoretical adla- |
fbatle temperature rise of 550- 650°C). An NgO_ selectivity of up to 88-90% could be achieved

with ammonia corrvers‘ron 98-995% and a catalyst productivity of 3.5-4 ton N,O/m’ /dayf. Ad-

ditionally, the catalyst shows good stability, operating at the,above conditions for 700 hours.

References : :
1. Unarte A K, Rodkm M.A., Gross M.J., Khantonov A S Panov G.1. Dxrect Hydroxyla-
tlon of Benzene to Phenol by Nrtrous Oxrde 3" World Congress on Oxidation Catalysrs ,
- San Diego, USA. RK. Grasselh S.T. Oyama, AM. Gaffney and J.E. Lyons (Edltorq)
__ ‘FISIVICI‘ 1997, p. 857-864. ' ‘ :
2. _:Panov G.IL, Uriarte A. K., Rodkin M A.; Sobolev V.1 Generatron of active oxy en species
on solid surfaces. Opportumty of novel oxrdatron technologres over zeolites. Catal: Today, .
: 1998 vol. 41, p.365-385.
3. V.V. Mokrinsii, EXM. Slavmskaya AS. 1‘\Toskov LA Zolotarsky, PCT Int Appl. WO
9825698 (1998), priority: RU 96- 96123343.
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NOVEL MEMBRAVE MICROREACTOR FOR PROPANE DEHYDROGENATION

L K1w1-Mmsker, O Wolfrath A Renken

Laboratory of Chemical Reactzon Engmeermg, ,
Swzss Federal Institute of Technology (EPFL), CH-1015 Lausanne, Swztzerland :
* Phone: +41-21-693 31 82; Fax: +41- 21- 693 31 82, e-mail: lzoubov kzwz~mm9kei@epﬂ ch

The increasi_ngf demand for jaropen,e and pfo’pe‘ne ,derivatiyes re‘quirés further deVelOpment
of available technologies ‘tkakingint’oy account the ‘p‘rvocvess efficiency, em)imenen_taI impaCt ‘
-and operating Simplicity. Producﬁ(')n of propene via non-oxidative catalytic adehydrogénation
of propane has technologlcal constrains because : ; |

e the reaction is highly endotherrmc ‘
o the conversion is hrnlted by the thermcdynamlc equlhbrlum
. at the reaction temperature reqmred thermal cracklno occurs Ieadmc to coke deposi- .
tion on the catalyst surface and lowering the selectivity. - ‘

To burn off the coke, the catalyst is éxposed to cyclic operétion by alteﬁiating pfopane ‘
and 0x1dat1ve atmosphere. Any dev\,lcpmem of catalyﬁc propane dehydrogenatlon technolocrv
has to consider: e ‘

o the supply of a big amount of }hveﬁ'at »k |

e to minimise the bed pressure drop as possible

e to optimise catalyst‘formulétion for working in the temperature range aﬁd keeping

reasonable operational catalyst lifetime
e to burn off coke from the catalyst without altering its activity/selectivity.

Therefore, reactor deveiopm_ent has to be closely integrated with catalyst deéign. Herein,
we report a novel reactor design for non—bxidaﬁvé k‘dehydrogenation' of 'hydrocarbons. Our re-
actor concept combines the advantages of membrane réactors (to shift the équilibrium and to
lower the working températﬁre) With optimél fluid dynamics ensuring laminar ﬂoW and nar-
row residence time distribution. during periodic operation of the reactor. This specific reactor
design calls for a special'caktal‘yst structure in the form of long-length ﬁbrous'threads.

The caialyst used in this study are filaments conéisting of a silica core covered by a
y-alumina layer with 0.5%Pt/1%5n as active phase'. This catalyst shows a good selectivity

towards;propene in combination with acceptable‘stabillity and relatively slow deaétivation.'

' L. B. Yarusov, E. V. Zatolokina, N. V. Shitova, A. S. Belyi, N. M. Ostrovskii, “Propane Dehydroge—
nation over Pt-Sn Catalysts” ]992 Catalysis Today, 13 655—658
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' Threads of the catalyst were placed parallel in the cylmdrlcal tube. reactor The catalytic bed
arranged in this manner with about 300 ﬁlaments per cm’ of tube diameter presented a low
pressure drop. lndeed the size of the ﬁlaments leads to a hydraullc drameter of some mi-
crometers, like in a mlcro-channel reactor, ensurmg a lammar flow and a short chffusmn time
from the gas—phase to the catalyst surface Therefore, a narrow residence time d1str1butlon
close to those of an ideal plug-ﬂow reactor is obtamed o _ :

< The catalyst performance was tested first in a quartz tube plug-flow reactor at the tem-
perature of 823K. The equilibrium converslon (24% under the reaction condmonsused) was
reachecl at the-'beginning of the prcpane dehydrogenationbover ft’esh catalyst with a propene
selectivity of 90% Other products detected in the effluents were methane, ethane and ethane
(Fig. 1). |

Coke formation on the catalyst surface decreases rts actmty and thus; regeneratlon wrth

oxygen was needed. T he regeneration of the catalyst ina ﬂow of Nz with 5% of O,

(7.5 Nm}/min) took about 160 min. - .
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Fig. 1. Product selectivities and propane conversion over 0.5‘%Pt/] %S/ ASF, residence time
z‘—=4. 9s, 823K, 1.4 bar, inlet 100% propane with flow rate 75 Nml/min

. Fig. 2 presents the scheme of the' membrane reactor used in the second step of this study.
“On one side of the membrane (zone T), the dehydrogenation takes place with simultaneous
coke formation on the catalyst surface and dlffusmn of hydrogen through the membrane wall.

On the other side of the membrane (zone II), »the hydrogen is oxidised by oxygen (5% in N, ),
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v 51mu1taneouslv the catalyst is regenerated by 0X1d1smg the coke. Oxidation of carbon and hy-
drogen generates heat along the reaction zone and guarantees a permanent hydrogen concen-
tration gradient and autothermal reactor opcratlon The flows of propane and oxygen are
'swnched penodlcally from zone I to zone 11, thus leadlng to a hlgh average catalytic actlvzty‘ :

and selectivity,

 Pd/Ag membrane

CgHB O /N2

<

i

i

1 BT
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Fig. 2. Schematic presentation of the membrane reactor operation.

Kinetic simulations have shown that with a flow 3 Nml/min of pure propane, a catalytic
bed of 15 cm (=0.83) and a Pd/Ag tube membrane of ID 6mm and wall thickness 70pm, the
conversion of 75% can be reached over fresh catelyst instead of 24% corresponding to the
‘equilibrium value. The conversion can be even more increased by using a longer catalytic

bed.
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ISOMERIZATION ()F a—«PI NENE OVER ION—EXCHANGED
' ' NATURAL ZEOLITES : '

- Fehime Ozkan***, Oguz'Akpolbatv**, Dmitry Yu. Murzin®,
’ Gonul Gunduz and Nurgun‘Besun .

- Dept. of Chemzcal Engmeermg, qu Unzverszzy Bornova/]zmzr Turkey
*Laboral‘ory of ]ndustrzal Chemistry, Process Chemistry Group Afbo Akademi Umverszty
. , Turkw/Abo, Finland :
~ **Dept of Biology Engmeermg Ege Unzverszzy ‘Bornova/lzmir, T urkey
***Dent. of Engineering, Izmir Institute of Technology, Cankaya/lzmir, Turkey

Introduction o Ay | |

 The isomerizatioﬁ of a-pinene is. gcnéfaliyi cai'ried out at reﬁux temp}cratu're‘over acidic
catalysts in the absence of water. V;ir;ibus;,types _bf catalysts ,pr‘eparéd from titanium d.ioxid}e,b
clayS halloysite, nétural 7éolités aétivafedbcar'bOns Synthetic zeoliies and siiica supportéd
rare earth oxide have been reported in the luerature for the- 1somerlzat10n of a- pmene [1-7]. It
is well known that the difference in-acidity of the c,atalyst used in the reaction influences se-
lectivity in o-pinene isomerization. Over soﬁd acidic catalysts, the main product is camphene
which is of ~.pafticular interest as an intermediéte in the syntheéis of camphor. Tricyclene is
always obtained with camphene as an 'equilibrium:vprodyijct! The main by-product of the iso-
‘merization are p-menthedienes, which are collectively referred to as dipentene in the trade.
The mdst importént,terpéney resins are made from limonene or dipen{ene. Reactants aie pre-

sented in Fig. 1

[ Q @ Q Q I-a-Pinene, I - Camphene, III. Tricyclene,
1 o m v IV - Limonene, V- Terpinolene,
V1 y-Terpinene, VII- a-Terpinene,

A ! VL p-Cymene, IX B-Phellanderene,
@ Q ‘ @ X. a-Phellanderene
Vi v Vi X X . » ’

Isomerization of a-pinene over ion-exchanged zeolites is less studied [8]. The objective
of the present work is to study the catalytic properties of ion exchanged (N Hs", Ba*" and Pb*")

clinoptilolite based natural zeolite tuffs.
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" Expenmental e
. Prior to ion exchange zeohte tuffs r1ch in clrnoptllollte obtamed from Blgadrc (Balike-
-sir/Turkey) were reduced into a grain size of ca. 0.5 mm. Zeolite samples of 5 g removed 7
from 1mpur1t1es and dissolved in water were suspended in 100 ml of an aqueous solutron of
NH4CI at different concentratlons ranged from 0.25 M to6 M at 25°C for 24 hours. After fil-
o tration, the samples were washed wlth dlstrlled water until CI" free and calcined at 400°C

v __for4h : ~ RRR : : e

Pb rrch-zeolrte was obtamed via cation exchanoe from 0. l\/l or O SM nitrate solutrons lg
of NH4 -zeol1te prepared w1th 0.5Mor 1.5 M NH,CI solutlon was contacted wrth 20 ml of
0.1 Mor0.5 M ‘Pb(NO3), solution at 25°C for 24 h. Srmrlarly 2got zeohte samples removed
from 1mpur1t1es drssolved m water were contacted thh 50 ml of BaCla in dlfferent conecen-
~ tration (0.1, 0.5 and 1 M) at 25°C for 7 days After filtration, the samples were washed with
d1strlled water until Cl free and dr1ed in vacuum at 160°C for 24 h |

Addmonally different amounts of PbO (15 and 10 % in werght) or BaO (1. 3 3.3 3 and 10
% in weight in the mlxture) were mechamcally mixed with natural zeolite in a glass reactor
The mixture prepared was stirred vigorously, the speed of the stlrrer was kept constant but the
- direction of angular Velocrty was changed perlodlcally to prevent the mixture to be heaped at
the surface of the reactor B |

Prepared catalysts were tested in the 1somerrzat10n reactlon of 0t-p1nene Reaction was
carrred out at atmosphenc pressure under mtrogen flow in a glass reactor w1th a reﬂux con-
denser an efficient stirrer and a temperature controller. 1 g of catalyst and 50 ml of wood ter-
pentine (Ortas, Edremlt Turkey) contammg 85 wt % a- pmene were charged in the reactor.
The reaction was started by addrng the catalyst and all experrments were camed out under
isothermal (155 °C) condrtlons Samples of the reaction mrxture were taken during the course
of the reaction and analyzed by GCMS A kinetic run took three hours. ‘ _ ‘

burface areas and pore volumes were obtamed from the mtrogen adsorptron 1s0therms
measured at 77 K in a static volumetric apparatus (Coulter Ommsorp lOch) up to P/P0~0 95.

" Residual solutions obtained during the catalyst preparatton were analyzed by atormc ab-
sorption spectrometer (Varian 10 plUS) to determine % removal of ions in the zeolite catalyst
samples. The chemical analysis of the catalyst samples was done by atomic absorptron except
of grav1metrlcally analysis of SiO; and water. ,

' IR,-Spectra of the zeolite catalysts Wwere recorded on KBr -wafers (1,2 mg catalyst and

150 mg‘KBr) with a Shimadzu 470 Instrument at room temperature and atmospheric pressure.‘
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- Pyridine adsorpt10n was carried out to 1dent1fy the ac1d centers of the catalysts prepared

X- Ra} drf fraction stud1es were done with some catalyst samples

Results

The main products of o- pmene 1somerrzauon on all the ion- e‘(changed chnoptxlohte‘
'based catalysts are camphene trrcyclene hmonene fenchene, terpmolene p-cymene, a- and

y—terpmene E

Activity of catalyst (e. g total conversion of cc-plnene) increases Wlth mcreasrng concen-.
tration of NH4 -solutron and complete conversion of a—prnene 1S obtamed over the catalysts -
prepared by 10n~exchange wrth NH4 >4M. Although shght increase in conversron to cam—'
_phene 18 observed with i mcreasrng eoncentratlon of ion- exchange solutlon the highest conver-
sron 10 camphene is obtalned over the natural zeolite untreated thh \1H4 ~solution. A sharp
~decrease 1n limonene conversion was obtamed w1th 1ncreasrn;, concentration of 10nwexchange
solution, so that the amount of hmonene in the reactlon mixture after a react1on duratron of 3
h was much{less than that i n the initial mixture, probably due to the secondary reactions of li-
monene. In lead exchanged zeolites, ,although a drastic decrease in limonene amount is ob-
served in the reaction mixture after 3 h, the r_esults obtained are not consistent and comparable
with each other. Mixing of PbO with natural zeolite mechanically causes a large decrease in
catalytic activity, an important decrease in camphene conversion, but less decrease inc_onver'-
sion to limonene compared to those obtained over natural zeolite. Fcr zeolites containing Ba
the increase inlimonene amount with BaCl, concentration_ increase was found; due to the in-
crease in the acidity. . | | | |

In the present study, -pmene consumptron krnetlcs was 1nvest1gated over thc zeohtes
exchanged ‘with NH4". A first order dependency was observed Reaction rate constant was
found to be 1.2885 h with a correlatron coefﬁclent of R =O 86.

Fhe IR spectrum for the H-rrch zeohtes showed ammomum deformatron band at
1400 cm™ after thermal treatment at 400 °C for 4 h. Nitrogen adsorption 1sotherms for origi-
nal and modified natural zeohtes are classrﬁed to be type 2 accordlng to Brunauer. The
maximum amounts of nitrogen adsorbed on all modified zeolites at maximum relative pres-
sure P/Py=0,9 are clearly lower than that on orlgrnal zeolite Wrth an exccptron of Pb rich-
zeolite. Nitrogen adsorptron data were evaluated and monolayer surface area and half width of
zeolites were calculated by using Langmuir and D-A methods, respectrvely. Ba, H and Pb rich

zeolites have lower monolayer surface areas and pore size diameters than that of original zeolite.
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~Acidic OH groups were identified w1th IR spectroscopy via the wave number of the OH
‘ stretchrng band. In this study, pyrldme was used as proton acceptor The densrty of the srtes’
was evaluated by the 1nten51ty (absorbance) of the respectlve bands It was observed in accor—
dance with literature data that camphene and blcychc products are formed on the Lewis sites
while monocyclic products such as limonene are formed on the frarnework Bronsted. As the
'acidity, of the catalyst decreases;limonene formed by isomerizatiorralso decreased in contrast :
to the increase of kcamphene’ amount with de'creasing'acidity But in general, it can he said

that hmonene productlon is more affected by the change of acrdlty of the catalyst prepared

with respect to camphene productlon on the same catalysts

; C.bnclusions

| Activity of cata]yst in a-pinene ‘isomerizatiOn accompanied with-a sharp decrease ‘ih‘li-
monene conversioh was - observed with inCreasihg concentration of NH4%%solution irl the
preparation of ion exchanged natural zeolites. The acidity studies indicated, that the Bronsted
acidity decreaSes with NH4Cl concentration, whereas the Lewis acidity is 'not:affected This
observations together with catalytic data suggest that camphene and bicyclic products are
formed on the Lewis sites, monocychc products such as limonene are formed on the frame-

work Bronsted srtes
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Catalytrc combustron an alternatwe to conveqtronal flame combusuon has received con-
siderable attentron durrng the last decades [1]. The mcmerators based on catalytrc combustron‘
typically operate at temperatures below 400°C and at GHSV from l ,000 to lOO 000 h1 |
Therefore highly actrve catalysts are des1rable leadlng to complete ox1dat10n within short .
resrdence times w1th the pressure drop in converters as low as possible. ‘

. The eatalysts used for-eombustlo_n are marnly. noble m_etals or transition metal (Cu,i Co,
'~ Cr, Fe, etc,) oxides supported on‘pel.lets,' honeycomb kmonoliths; fiber pads and sintered met-
als’.’Catalytic fixed-bed reactors are know to have some drawbacks like high pressure drop in
the bed, flow maldistribution and susceptibility to fouling b__y_tiust. The incinerators based on
struetured- catalytic beds are considered as a most suitable alternative to the for.mer ones [2].
At preSent a variety of ceramic and metal monoliths are used for this purpose. The catalytie
efﬁc1ency of these catalysts i is improved compared to conventlonal pellet catalysts since pore
~ diffusion hnntatron durmg combustron is smaller due to shell-like desrgn of active outer layer
The main drawbaeks of ceramic monoliths in use are their high werght to volume ratio, rather .
high manufacturmg cost and therr susceptlbrlrty to thermal and mechamc_al stress.

The catalytic materials made from metal wire grids can be efﬁci ently used for structured
catalytic beds as an alternative to metal monoliths. Similar to metal monoliths, the specific
surface of the grids has to be increased to get effective catalysts. Usually metals are covered
byr oxide washcoat. The main problem of these composite materials is poor adhesion between
metal and ceramic oxide layer leading to flaking off ‘cerarnics, especially under vibration.

~In the present work a novel metal-metal oxide composite catalysts for the combustion
have been propoSed. High porous oxide outer layer on metal grids was prepared by Raney-
type coati‘ng teChnique [3] Nickel and coplﬁ‘er grids were used as starting support materials
After the preparation of the skeletal outer layer, the support was oxrdrzed resultmg in high
porous oxide layer strongly bounded to the surfaee Metal oxrde catalysts were obtamed by

1mpregnat10n of outer porous layer wrth drfferent metal salts followed by calctnatlon in air.
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Figure. Temperaturé dependence of CsHg conversion over metal oxides supporte‘dovn‘metai
grids (GHSV=20"000 h"-l (STP), Cor=10 vol.%, Ccans=0.5 vol.%). :

' Thé cataiysts were tested m the propane total oxidation (see Figure). Cobalt oxide :based
-~ catalysts Weré observed to be the most active. The iﬁﬂuence of chémical‘ composition of ac-
- tive phase and the catalysi' pre—tfeatment on its activity and long-term stability was stlidied. _
Kinetics of C;Hg oxidation was investigated and thekjnetic parameters were determined. All

catalysts were characterized by SEM, XRD, ESCA and BET methods.

(11 R. E. Hayeéand S. T. Kolaczkoivski, “Introductvion‘to Catalytic Combustion”, Gor_don &
~ Breach Sci. ‘Pub‘l.,_Amst:erda_m, 1997. | ’ | _ N N
{2] “S'tructured vcatalysts and réactors 7, ed. by A. Cyb‘x‘ﬂski,' 1. Moulijn, Chemical Industry,

v. 71, 1998. | | o
[3] B. Zong, M. Muhler, G. Ertl, in “Stucz"z'es in Surface Science and Catalysis”, ed. by B.
Delmon and J.T. Yates., Elsevier, Vol.118, 1998, p.331-340. i
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CATALYTIC HEATING ELEMENT FOR
AUTONOMOUS DOMESTIC HEATING SYSTEMQ

B. N Lukvanov, V.A. Klrlllov, N A Kuzm, M. M Damlova,
~ A.V. Kulikov and A. B Shigarov

Boreskov Institute oj Catalyszs, ‘Prosp, Akad. Layrentieva, 5
630090 Novbsibirsk, ‘Russia E-mail: Zulg'anov@caz‘alysis. nsk.su; Fax: 34 1187

Combustion of hydrocarbon ‘ﬁ‘lelsi (both ‘liqﬁid and gé.'sedﬁs) is ‘ro'u'tinely performed in
flame bumefs_ at .1,100417CO°C which results in forinaticn of nitrogen and carbon oxides. By
contrast, the catalytic COmbustién,‘ performed at lower temperatures (to 900°C), proVidés effi-
cient conversion of energy and low vcoynCeritratibns‘ of CO and NOX in Was‘tev gases. At the
Boreskov Institute of .Cafalyéis, the design of catalytic ,vhévat generating‘eleménts (CHGE) of
different generated heat is in progress,,'Such elemeﬁts provide surfaée combustion of natural
gas (niéthane) during one stage to yieid heat for‘heat“céirriers which are used in autonomdﬁs
domestic heating systems. = |

Design of the efﬁment CHGE of heat output ranging from 3 to 30 kWt upwards involves
two steps. At the first step, the below problems were to be solved: ‘development of the method
for preparing the reinforced catalysts both with additions of supported platinum groﬁp_ mietals
§ and baéed on the oxides systems; kdevyelopment of the regimes fbr thermal treatmerit and sin-
tering of the catalyﬁcally active layer, study of thermal stability, activity, operétion life,fand
s_afety of the catalysts. The main problems to be solved at the second step are as follows: de-
sign and improvement of CHGE, their components, provision of homogeneous distribution of
the gés—air mixture in the catalyst bed, deteimination of fhe optimal conSumption characteris-

tics of CHGE and the range of generated power variations, and choice of a st‘:artu‘py of CHGE.

Method for Cataiyst Preparation

Pd and Pt based sysiems and Mn,O3+Cry03/AL O3 (or Ti-Al-Si) were used as an active
component of the cafalyst. The c,omposkitiohs of the support and catalyst are as follows: -
65-70 wt.% Ni (or Ti) +35-25 wt.% Al + 5 wt.% (1 wt.% Pd or Pt/AL,O4)
61 wt.% Ti+ 30 wt.% Al + 0.1 wt.% Pd + 8.8 wt.% Mn,O;. _

Both the catalyst and support are deposited on the stainless steel net (net cell 0.4 x 0.4
mm, wire diameter 0.25 mm). Dispersion of the supported platinum (palladium) does not dé-

crease if the regime of sintering of the reinforced catalyst is observed. The formed catalyst
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- layer possesses hlgh mechamcal strength and is strongly bound to the metal net Accordmg to

bench tests, the catalyst preserves its act1v1ty for 1500 hours

De51gn of the Catalytlc Heat Generatmg Element ‘ - ,
A design of CHGE depends on the required boiler eapacny and geometry of the boiler '
furnace volume. The element is designed as a cylinder, consisting of a tubular heat exchanger

buﬂt as aring which contains a gas-distribtlt;ng tube for feeding the gas-eir.m'i){ture (Fig. 1).

Gas-air . / b= ——— j — Y
mixture in / k k , S N
__.? ] _.____7;____,_ - M_,_m___“ mmmmm _.____._.__ ; .\\'
© Waterin o - | : - o " : ﬂ 5
— B O E A R T /
= .l - i -t : j g
- : g‘“ L

Fig. 1. General view of CHGE: 1- GDT, 2 - connecting tube of the inner wa,ter_-vcooled heat
- exchanger, 3 - catalytic plate, 4 — water collector, 5- end-face ring, 6 —inlet and outlet
water tubes, 7 - ﬂange 8- stlffenmg rib - '

The surface of the tube is corrugated and one side of it is plugged. By choosing the num-
ber and di’ameter of corrugation holes, the gas mixture is uniformly distributed along the tube
length and flows from the holes into the intertubular arca. The oatulyst, formed of flat and cor-
rugated plates, is wound on the tubes of the heat exchanger and cylinder surfaces and sintered
with them. The plates are arranged so that the odd rdWs are corfugated and the even rows con-
sist of flat plates. The plates form the catalytically active channels in Wﬁieh the gas-air mix-
ture is oxidized on the walls to yield water and carbon dioxide.iThe oxidation products are
removed through the channels into the surroundings. By choosing the thickness of "t.he cata-
lytically active layer, one can obtain the conditions providing no CO and NOy in waste gases.

The reaction heat is partly removed from the catalyst layer to the environments, including IR
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radlatton Some part of heat i is transferred to water c1rcuIat1ng in the heat—exchangmg tubes
The heat-exchanger tubes and headers buﬂt a c1rcular cylmder-type sy stem supphed w1th cold ;
water meant for heatmg (T ' ' ’ Y :
v At the Institute of Cata1y51s the catalytlc heatmg elements of 0 75 3 5, 10 20 30 kWt
: power have been de51gned 1 3 ’ ‘
Testmg of CHGE _ : , v v _
~ The gas d1str1but1ng tube corrugated along the Iength w1th a partxcular prtch is an im-
‘portant part of CHGb The number and dlameter of holes, -and corrugatlon prtch control dis-
trrbutlon of .t_he gas-air mixture. In our experiments, the gas—dlstnbutmg tubes of 18 andv28
mm in diameter and 300, 400, and 500 rrtm long were used. The opti'nc.l diameter of holes
(1. 5 mm) and corrugatlon pitch were determmed The value of nonumform consumptlon of
gas depends on the ratio between the area of all holes and the cross sectlon of the gas-
distributing tube and does not depend on the rate of gas ﬂow, tube dlameter and corrugatron
l'ength We have elucidated how a gas 'dis’tribtxtor a catalyst‘layer and the oxidation reactioni '
affect on the pressure drop in the CHGE of 25 kWt power. For the totai pressure drop under
~operation eondmons of CHGE ‘the contributions of the gas-dlstnbutmg tube, catalyst layer,
and - reaction are 70, 20, and 10% respeetlvely We have designed a CHGE providing the
pressure drop not lngher than 60 mm H20 1f the mhomogenelty of gas dlstrlbutlon along the.
surface is not hxgher than 8%.

Thermalphysw testmg of CHGE perrmtted us to determme dlstrtbutron of temperature
aflongthe length and thickness of the catalyst layer, heat conductivity of the layer, and coeffi-
cients of heat exchange. The catalyst can be irreVersibly deactivated because of the local
overheatings observed inside the catalyst bed. The water-cooled he’at exchanger of CHGE, the
outer layer surface, arld waste gases release respectively 31-53; 32-39, and 12-36% of the total
generated‘ power. The catalytie elements eXhibvit stable operation over the entire range of the
heat ﬂux} densi_ty 70-130 kW¢/m? (estimated operation regime of CHGE).

‘On combustion of the mains natural gas, the concentration of CO is 5-10 ppm, methane
10-20 ppm, and NO — traces in waste gases. , , '

’Aceording to the long- term tests (more than. 1500 h), the catalyst operation is stable. -

- The versions of CHGE 0f 20-30 kWt power, used in floor and wall- type domestic heating

boxlers are very profitable and ecolo glcally compatlble ‘
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THE Pt, Pd- CONTAINING CATALYST S ON A BASE OF FIBER GLASS WOVEN
SUPPORTS - A NEW ALTERNATIVE FOR TRADITIONAL
V- CATALYSTS IN SOrOXIDIZING PROCESS :
B Balzhimmaev, L. Slmonova, Y. Barelko* A Toktarev, V Chumachenko** |
Institute of Catalysis SB RAS, Novoszbzrs‘k Russia

*Instztuz‘e of Problems of Chemical Physics RAS, Chernogolovka, Russia
- **JSC "CatalystCompany’f Novosibirsk, Russia

It was mvestlgated the fiber glass woven catalysts. doped by Pt and Pd (O 003 -0. 5%) in

| vreectlon of SOz-oxxdlzmg As a support mateual 1t was used two types of glasses silica glass :

. ﬁber matrix and borum- slhcate one with value of SSA 1- 150 m¥g. 1t was shown that Pt(Pd)

: accepted by g]ass matrlx have cssenually more hjgh aot1v1ty than the metals on surface of the

glass. T echnologlcal estlmatlon of the fiber glass woven catalytlc materlals showed that the

systems have serious- advantages in comparison w1th tradltlonal granulated V~catalysts espe-

| | 01ally for high temperature processes

| hlgh actmty (decreasmg of process teplperatures by 40-50 °C end decreasmg, of
SOz—eontent in tail gases);

' ‘o' ‘advanced reactor design (decreasing of the cataiyst loading on a reactor shelf by
1-1.5 order); ’ |

¢ high thermoresistance up to 700-750 °C.
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 GAS-PHASE FLUORINATION OF FLUOROETHANS WITH ELEMENTAL
o _ FLUORINE IN A GAS PREMIX BURNER REACTOR |

D.S. Pashkevnch D.A. Muhortov, Yu I Alekseev

“RSC "Applzed Chemzstry” St Pez‘erburg, Russia

At presént there is a strong trend"towards growth of ﬂuorocarbons and hydroﬂ‘uorOCar» ,
~ bons, particularly ﬂuoroethanes consumption mn dlversrf' ed mdustnal sectors. This is due first _
of all to the necessrty of ozone-depletlng chlorlnated substances phaseout requrred by the
Montreal protocol ‘ : s

Fluoroethanes have found numerous dpphcatlons in mdustry as refrlgerants propellants, :
ﬁrc-extmgulshants drelectrrc media, and reagents for plasmochemical processmg in manu-
facture of super-large mtegral circuits, etc. '

Currently available industrial methods for fluoroethanes productron make use of organo-
chloric raw materials that must be phased out. On the other hand, the world capacxty for fluo-
rine productron totals over dozen thousand tons per year. This is why the idea to develop a
technology for ﬂtrorOethane's production via fluorination of fluoroethanes-predecessors with
elemental fluorine became one of the central problems ink chemical industry.

By now thc methods of organofluoric substances rnamrfacturé with the help of elemental
fluorine were not w1deiy used in chemlcal technology. This was due to high chemical act1v1ty
of fluorine and also to considerable heat release in the process. However, if studied from
methodologlcal point of view, in terms of the combustron theory, the process of gas-phase -

“fluorination may become apphcable in industry. . ’

We have developed a no-waste technology intended for full-scale manufacture of fluoro-
ethanes through gas-phase fluorination of 1,1-difluoroethane and 1,],1,2-tetraﬂuoroethane,
both being now produced in industry.

The kinetic dependencreb of fluoroethanes gas—phase fluorination with elemental fluorine
were investigated using 1, 1,1,2~tetraﬂuoroethane as an example, and the reaction was shown
to be a degenerate branch chain process, its activation energy being 50 kJ/mole. Our compu-
tations proved that having in mind the activation energy there would be no point in using any
reactor operated ét stationary heating regime, because the length of the reactor would be tech-
nically unthinkable (more than thousand meters). ‘ |

~ From our studies on interactions between fluoroethanes and fluorine within a self-

propagating heat wave it may be deduced that if the concentration of fluorine is below 30 %
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by volume then destructlon of ﬂuoroethane carbon skeleton does not. occur "lhe process se-
lectivity for ﬂuormat1on of a molecule-precursor contammg N fluorines reaches 90% for the
product contammg (N+1) ﬂuormes - -
~ Our study resulted i mn: development of a new gas prem1x bumer reactor. The reactor may
= be easily scaled and flow rate may be increased w1thout any changes in the reactor de51gn
The reactor is Very easy m manufacture and operatlon and the requ1red constructwn matenals
 are not expenswe | ’ v v
Both the proposed synthe51s method and the reactor have succe';sfully underoone tests at

our p1lol plant
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MOVEMENT OF FINELY DISPERSED HEAT CARRIER THROUGH
b THE FIXED CATALYST BED .

L V. Barvsheva, E S Borxsova, V M Khanaev

Boreskov Insmuz‘e of Catalyszs Novoszbzrsk Russza

In the present paper we give experlmentai results and modelmg data related to the dis-
perse phase filtering through the catal yst bed. ST .

~ The fine particles used as heat carrier in the ﬁxed bed catalytle reactor is of mterest for
. performmg chemical processes with large endo- and exo-effects In the case of endothermic
reactions dispersed phase heats the catalyst and gaseous reaction’ mixture to requ1red tem- -
perature and provides additional heat supply to reaction’ 70ne thus dec1easm0 the energy ca-
pac1ty of the process. In order to estimate the efﬁcxency of heat supply by the dlsperse phase,
one must. know the uniformity of partlcle dlstrlbutlon over the bed, their residence time beside
the coefficients of heat and mass exchange between the ﬁne parncle and the bed.

When studying disperse phase ﬁlter;ng throug,h the fixed particulate catalyst bed we used
various- experimental. methods 1) bed permeability -method, 2) residence Ttime method 3)
NMR tomography Thus we determmed main’ parameters affectmg the resnience of particles

' ' in the bed. ,
Figure 1 shows data ob-
tained with the bed permeability
" method. -Alpha-alumina served

14

- as finely disperse phase, fixed

r - bed particles size and material
';: ) was varied.

g [—6— 150-180 wicu | - In order to “observe” the

= . |-m—180-250mm| | filtered phase with tomography

|—A—50-150me | | g necessary to saturate this

04 | k SR , phase with a proton containing

o ~ liquid. Experimental adjusted

0.2 . , : . concentration of this liquid on

200 300 400 500 600 700 800 90.0

one hand allowed a high enough

- method sensitivity and on the
Fig. 1. Disperse phase poring rate versus the size ratio  other hand had no effect on the
- of packing and particulate phase

Drd

hydrodynamic ~parameters of
filtering. The rad1al distribution
of fines in a fixed bed detected by '"H NMR mlcrmmagmg technique.

When modeling we have used the foliowmg assumptlons 1) fine partxcles move in the
space between spherical fixed particles, 2) fine partlcles do not interact with each other, 3)
their movement is determined by such parameters as gravrcy, aerodynam1c resistance, inelastic
collision with the spheres. o ' '

s




adjacent to walls flow, which differ by B
the residence time and rate. Figure 3
shows the distribution of relative parti-
cles flow ‘along the radius at various
- heights.. Curve 1" corresponds to inlet
distribution, while curve 6 shows the
outlet distribution.

Conclusmns
1.

pear to impose a less effect on the

0,04
0.03 ~
0.02. =
0.01.~
0.00 - - 1 ]
) © 04 G 0.8 1.0
T S time; sec

Fig. 2. Collision coefficient effect on the

residence time at elastic collision

.are stans’ucally stable.

» OP-HI-S

Flguxe 2 shows how the relative num-‘

ber of partlcles at the bed outlet depends on
the time of their residence in the bed.
Vv=Vi/V. - is the coefficient of small particle
impact against the grain, V., Vi - is the
normal constituent of velocity before and

-~ after collision respectively.

Using the ,L'agrangiaﬁ,k approach = we
have built a mathematical model, which de-
scribes particle movement through particu-

-, lar bed considering collisions and particle
vshdmg over the catalyst gram and reactor

walls. A numencal algorithm has been de-
signed for calculating statistical values
characterizing this process such as pai'ticle
residence - time d1str1but10n and - average

'partlcles dlstrlbutmn along the apparatus radxus Despite the fact that calculatlon of each par-
ticle trajectory is not stable by initial data main parameters calculated for the disperse flow

Accordmg to modelmg results one may divide the ﬁltered flow into the central flow. and

0.03 =

Determined are main parameters af
fectmg particles residence time in
the bed. Bed porosity, d1spersepar-
ticles size, packing size and disperse

Sections along thyer apparatus height: i-
‘H=0 sm (inlet); 2 -H=12.64sm (middle
of the fixed bed); 3-H=17sm (outlet)

phase pouring rate essentially influ-
ence the hydrodynamics. Disperse
phase density and gas flow rate ap-

0.00

particles movement.
Model analysis regardmg parame-

Flg 3 D1str1but1on of relatlve partlcles ﬂow

along thc apparatus radius

ters we obtained the one of essential importance, wh1ch is impact coefficient at pamcles
collisions with the grains of catalyst and with reactor walls.

s
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NOVEL CATALYTIC SYSTEMS FOR PRODUCIN G ALKOHOLS AND KETONFS
' VIA OZIH;; OXIDATION OF HYDROCARBONS :

‘b N I Kuznetsova, L L Kuznetsova, N. V Kmllova, Y. A leholobov

Boreskov ]nstztute of Catalyszs Novoszbzrsk 630090, Russia,
E—mml kuznma@catalyszs nsk.su.

Conversion of hydrocarbons too’xyuenated products proceeded under the action of hy-
drogen peromde or other peroxy compounds in the presence of transmon metal compounds as
catalysts Owrng to the peroxide decomposition, the processes are, in general, characterized
by low ;select1v1t_y relatively to the peroxrde compound.: "Monooxygenase -like” catalysts are
‘ capable of oxidating hydrocarbons 'with dioxygen in the presence of a snitable reducmg agent

[ the preferable one is hydrogen. The appropriate catalytlc systems have been described for
hydroxylatlon of aromaties [2-3], oxygena,tlon of methane {4} and other hydrocarbons [5-6],
~ and the knowledge i in this field have been permanently growing because of great commerclal
interest to this problem , e w

- In the present study oxygenatron of cyclohexane, salurated and aromatic hydrocarbons
with Ox/Hy gases was carried out in the catalytic systems based on Pd or Pt and heteropoly
compounds , '

‘Homogeneous version of this kind of systems included Pd(II) complexes w1th PW11039
anions. Reaction proceeded in 2-phase mixture of substrate benzene and aqueous solution of
the complexes. When contacting with Hy-containing gas, Pd(I) was reduced, but kept in so-
lution owing to stabilizing effect of anions surrounding. Oxidation of benzene resulted in
formation of phenol. ’

In the following study the Pd(lI) complexes with PW1 1030 and PWoOs,” heteropoly
anions were used as precursors of supported samples. When the complexes were kept spared
throughout the preparatlon procedure, the resulting silica snpported samples catalyzed oxida-
tion of benzene to‘phenol and cyclohexane to cyclohexanol and cyclohexanone. Progressiye
reduction of the solid samples in the reaction medium was accompanied by increasing rate of
oxidation reaction. Additional activation of these samples arose from very mild reductive pre-
treatment prior to catalysis. | o |

Both systems thus demonstrated that formatlon of the active in catalys1s spec1es pro-
ceeded in the course of reduction of Pd(II) in Pd-P- W- ox1des

Analogous systems were composed of Pt metal catalyst and heteropoly ac1d solutlon in
organic medium. Catalyfic activity in hydrocarbons oxidation was developed as a result of
heteropoly anions adsorption on the Pt surface.

- The action of a number of heteropoly amds (HPA) in cyclohexane ox1dat1on was tested
(Table 1). : S '
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Table 1

Results of 0x1da110n of cyclohexane on the I%Pt/ SlOz catalyst (50 mg) suspended in HPA
' solutlon (6 mg) in CH3CN C6H12 CH3CN 0.1 1.0 ml 02 ,=1:2, 35°C, 1 hour. ;

HPA : | Products, ;,Lmol i 0,/H; consumed , umol
e * | Cyclohexanol Cyclohexanone i

HiPMo;,Q40 252 1,1 | 2860
HeP:Mo015062 o 1.26,7 3,2 . 1520
HPW Ti Op |41 ez . 11120
HbPW;12r1VO4¢ {139 - |58 315
HPW; 1V Oy 118 112 11295

1a- 123-H6PW9V3040 19.8 ot B s 1940 -
H5PM010V2040 744" g 3,5 . 11830
H:PMo1;VOy 55,7 ¢ 2.0 011695
HGPM09V3040 6,5 ) o - ’ L 1295

‘Maximum yield of oxygenated products was obtained in the presence of P-Mo and P-Mo-V
“heteropoly acids which known as catalysts of radical-type oxidation with hydrogen peroxide.

The active ‘species of identical composition were created ~in'soli‘dbsampl_es which-repre~
sented (1) AlO3 impfegnated with- P't(IV)v chloride and H3PMo;;049 acid, and (2) a complex
salt of Pt(IT) with P-Mo heteropoly anions of composition{Pt(N H3)4(H2,{PM01 2040])2} TH20.
Both materials were carefully calcined and treated with H,, that resulted in reducing PHII) to
Pt(0) and minor transformation of heteropoly anions. Results of the catalytic tests shown in
Fig.1 exhibited advantage of the solid samples in comparison with the composition of the
solid Pt-containing catalyst with dissolved HPA.

70
60"
% PR
g 50
[~
Q
& 40
9
g
B 30
=
2 20
[
&
> 10
*
° 9
5% P1/Si0,+ 5%Pt-PMo,,/ com plex salt |
H,PMo,,0,, - A1,0, : f

Fig.1. Comparative actwlty of the catalytlc systems (l) S%Pt/ SlOz (10mg) + I“I3PM012040 (6 mg); (2)
5%Pt-20%PMo;2/ALOs (10mg); (3) complex salt { Pt(NH3)4(HZ{PM01204O])2} 7HZO calcined
and reduced (10 mg). C6H12 CH3CN 0.1:1.0'ml, Oz:H, = 1:2, 35°C, T'hour.
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- Optlmal condztmns of the process were determmed by vanatmn of soivents temperature |
| 'catalyst to substrate ratio, composition of gas. Comparative actlvxty of different hydrocarbon

substrate was demonstrated by the yields of hydrogenated product:s'(Fig 2), which were iso-
: ‘,alkohols and kctones in the case of saturated hydrocarbons and phenois in the case of aro-

matms

70
80
50
40
30
20
10

‘oxygenated produc’tso

~Fig.2. The yield of 6xygeﬁated products. COn’ditions? 10fng'of Pt(NHg),;(H;{PMol264{,])2} TH;0 cal-
~ cined and reduced, hydrocarbon CchN 0.1:1.0 ml, Oy:Hy: C4Hy = 0.5:0.5:1 for butane and
02 Hg =1: 2 for other hydrocarbons 35°C; 1 hour

The redox processes in n the system under study are SChernaticaily 'deScribed below.

- Specifically organized Pt and Pd specxes are capable to produce hydrogen perox1de or
“other peroxide compounds Oxygen transfer to the hydrocarbgn subs’trate is a531sted by het-
eropoly compound
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MODELING OF PRODUCTION OF F ILAMENTOUS CARBON FROM METHANE
- ON THE IKU—59-1 CATALYST IN VARIOUS-TYPE ISOTHERMAL REACTORS

Sergel G Zavarukhm and Gennadn G Kuvshxnov r

Boreskov lnsz‘ztute of Catalyszs Pr. Akad Lavrentteva 3 630090 Novoszblrsk Russia

. Production of ﬁlamentous carbon from gas hy’drocarbons,is'a Very promising way for
processing of gases, such as methane,i.natural gas, casing head gases etc. into valuable carbon
materials [1]. b i SR i

, Development of the process is directed towards the creation of catalysts study of the
mechanism and Kinetics of the process, design of reactors, optim1zation of the operation re-
gime of reactors, and mathematical modeling. The catalysts prov1d1ng the synthesis of fila-
mentous carbon 4as mesoporous granules 3-5 mm in diameter and the concentration of carbon
bemg to 99.7 %, are described elsewhere [2 -7]. The reactors are described in [8 10}. The
- granular fi lamentous carbon was. produced in the laboratory {1-9] and pilot react tors [1, 10} (3
kgof carbon per one operation cycle). The kinetic features of pro_duction of filamentary car-
bon from a mixture of methane and hydrOgen in the presence of the IKU-59-1 catalyst (Ni 88
mass.% [4]) were studied at the below parameters: concentration of hydrogen 0 — 40 %, tem-
perature 490 ~590. °C and pressure of the gas mixture was atmospheric [11, 12] “The experi-
mental results were generali:?ed to a mathematical model describing the kmetics of formation
of filamentous carbon from a methane-hydrogen mixture with a regard for deactivation of the
catalyst [13]. The model regards the possibility of the catalyst deactivation during the finite
time and the fact that the amount of the formed carbon and the time of catalyst deactivation
increase as temperature decreases and the concentration of hydrogen in the gas mixture in-
creases. ' | L o

' Because the opportunlty of commercialization of the ﬁlamentous carbon production is in
sight, the key problem is to develop methods for calculating the process performed in differ-
ent reactors. Mathematical modeling permits one to ealculate properties of the process and to

'design the optimal reactor. and operation conditions When the process involves a periodic
, loadmg of the catalyst and i is performed up to the complete deactivation of the catalyst, one
may calculate the amount of the produced carbon and time of f the catalyst deactivatron Versus
temperature composmon and consurnption of the 1mt1al gas mixture. To s1mulate the process
performance in the existing [8-10] and candidate reactors it seems 1nterest1ng to consider the
below model reactors: r

(1) areactor with a periectly strrring of catalyst part1cles and gas (model l) _

(2) a reactor with a per fectly stirring of catalyst particles and a gas plug ﬂow (model 2)

(3) a reactor w1th a steady state catalyst layer and a gas plug ﬂow (model 3)
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“) a reactor w1th a perfectly stlrrmg of catalyst partrcles a gas plug ﬂow and a gas ﬂow re-
: crrculatlon (model 4); e i Ei
(5) a two-phase reactor with a perfect]y strmng in the dense phase and a plug flow in the bub-
ble phase (model 5) S e -
‘ Model 1 perm1ts one to describe processes performed in the laboratory kinetic set-ups
with a fluidized catalyst bed which are used to study Kinetics of processes and to certify cata-
lysts- [5,1‘1,'12]._ Figure 1 shows the calculated specific yield of carbon ¢, (per 1 g catalyst)
' -versustemper’at_t’lre T [14] and the experi_merital‘.data (dots) [11]. The process was performed
at the'.below conditions: constant compo’sition of the gas medium and pure methane (Iower‘
| hne) and the concentratlon of hydrogen was. 15 % in the methane—hydrogen mrxture (the up-‘
‘per. lme) For pure methane T'=823 Kand ¢, = = 48 kg/kg Figure 2 shows the calculated de-
_gree of methane conversion x versus time [14] and the expenmental data (dots) obtained {5]
“rat-the followmg conditions: O =120 rn3/(kg ‘h), T = 823 K, methane being pure. The differ-
“ence between the calculated and experimental ¢, (165 and 145 kg/kg,,respectlvely) is less
than 15 %.The ealculated and experimental time of com‘plete catalyst deactivation are 18 and
‘16 h, respectlvely ‘The calculated and experlmental average degrees of ' methane conversion x

“are 0.141 and 0.143, respectrvely

0,2 -
. x :
200 4
Cm, = & : : 0,15
kg/kg 180 4 - o :
9 Cem , _
120 4 Tl 0,14
80 4 ) o '
’ 0,05 -
40 1 ® .4 © —® , >
0 + - -
- 800 310 szo 830 840v850 aeo :.;;(70 o 4 5 12 16, 20
N . LM

Fig. 1 . : Fig. 2

Model 2 can be considered as a first approximation on modeling the p‘rocess performance
in a pilot reactor with a fluidized catalyst bed [10] in which the degree of vibration is an order
“of magnitude lower than in the laboratory reactor {11]. For pure metharle' the calculated ’yield
of carbon is 111 kg/kg at O = 120 m3/(kg -h) and T=823 K [13]. This mdrcates that the spe-
cific yzeld of carbon decreases by a factor of 1.5 as one passes from a laboratory reactor to the
pilot one. , '
The aim of the present work i is to develop methods for calculatlon processes. in models 3-
5 and to compare the models ; o '
Model 3 can simulate processes in a pour-type reactor. [8] wnh a co-current catalyst-gas :

upward and downward flows. The process is distinguished by the wave of catalyst deactlvva~
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: non whlch moves along the reactor For’ the reactor w1th a rather large catalyst loadmg, the
wave profile is stabilized and the wave moves at a constant rate. The wave profile and de-’
pendence between the wave rate versus temperature and concentration of hydrogen in the ini-
'tlal mixture are calculated. For the reactor thh a finite catalyst loadlng, the profiles of carbon
concentration and degree of methane conversion along the reactor are calculated for different
~ periods of the process. After the catalyst deactivation the concentration of carbon increases

when one moves from the reactor inlet. For pure methane at 0 = 120 m3/(kg h) and T = 823 k

K, the average ‘concentration of carbon c, is 97 kg/kg. For small and large loadlngs c, —
48 and ¢, —> 125 kg/kg, respectively. ‘

‘- The'drawback of plug reactors (models,_2 and 3) is that the catalyst jcorxtacts‘;v_v'ith the ini-
tial gas niixturehwhich is not enriched with hydrogen. As hydrogen .ccncentration decreases,
the rate of cataiystdeactivatibn increasesy,l and the yield of carbon decreas‘es. This problem can
be eliminated by re-circulating the gas flow. As a resuit, the catalyst contacts with the gas
mixture enriched with hydrogen and the yield of carbon increases, e

Model 41is supphed with a gas circulation as in model 2. Figure 3 shows the calculated Crm
versus circulating factor » for pure methane (0 = 120 1 3/(kgh) and T = 823 K). As the cir-
culating factor increases, the:;reactor'approximates to the reactor : with an ideal stirring of
catalyst particles and gas (model 1). ' N | »

170 4

Cm
Kg/kg 10 -

150
140 -
130 -

120 -

110 4 . : .
0 5 10 15 20 25 30

Fig. 3

Model 5 can describe processes in the reactor with a fluidized catalyst bed. Since the
ideal mixing of parncles and gas is assumed for the dense phase model 5 describes the proc-
ess occurring in it. Introduclng the: mass—transfer re51stance between the ‘dense: and bubblev
phases results in the increase in hydrogen concentration in the solid phase compared to model
1, and correspondmgly, to increase in the carbon y1e1d In Fig. 4, ¢,, is shown as a function of
coefficient of mass transfer (ﬁ) between the phases of pure methane (@ = 120 ms/(kg -h) and T
=823 K). For § — o, model t transforms into model 1. In contrast to model 5, ¢ in model 1

can be increased by decreasing the flow rate of the initial mixture.
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Fig. 4 fape By

A comparison of the process data calculated with different reactor models shows that in

order to maximize the carbon yield, one should provide the maximum mixing of 'eatalyst:par-
“ticles and gas, which can be.‘(')btained by re-circulation of the gas flow or using a fluidized
‘catalyst bed. | SR £ | |

References

I,

B 'S I

Kuvshinov G;G;, Avdeeva L.B., Goncharova O.V. et al., International Meeting on Chemical En-

gineering and Biotechnology. Thermal Process Engineering. , ACHEMA 94, 1994, p. 96.

. "Avdeeva L.B., Kuvshinov G.G. Goncharova O.V. etal, Ist World Congress Environmental Ca-

talysis, Pisa (Italy) 1995, p. 459.

Shalkhutdmov ShK Avdeeva L.B., Goncharova OV et. al , Appl: Catal. ‘A: General, 1995, v.
126 p. 125.

Goncharova O.V., Avdeeva L.B., FenelonovVB etal., Kmet Katal ]995 v.36,No 2, p. 293.
Avdeeva LL.B,, GoncharovaOV KochubeyDI et al., Appl. Catal A: General 1996, v.. 141, p.
117. : ' - , :

Ermakova M A., Ermakov D.Yu,, Kuvshinov G. G. et al. Kmet Katal,, 1998, v.39.No 5, p. '791._ |
Ermakova M.A., Ermakov D.Yu., Kuvshinov G.G et al., J. Catal., 1999, v. 187, p 77.

Investor’s Certificate No 16008207 (USSR). Discoveries. Developments 1990, No 43.

Russian Patent No 2064831, Developments, 1996, No 22.

. Kuvshmov G.G., Zavarukhin S.G., Mogilnykh Yu. I. et. al, Khim, Prom-st, 1998, No 5, p. 300.
. ’Kuvshmov G.G., Mogilnykh Yu. L Kuvshmov D G et. al, Khim, Prom-st, 1997 No 4, p. 270.
. Kuvshinov G. G, Mogllnykh Yu.L, Kuvshinov D.G. et al, Carbon, 1998 v.36; p. 87.
.“Kuvshinov G.G., _Mo_gllnykh Yu.L and Kuvshinov D.G; Catal._Today, 1998, v. 42, p.357.
«Zavarukhin: S.G., Megilnykh Yol Kuvsh_inov G.G., Khim. .Prem-st,f 1999, No 10; p. 641.

15. Kuvshinov G.G., Zavarukhin $.G., Zhdanova E.S., Vestnik NGTU, 1999, No 2, p. 127.

188



| | OP-HI-11
| : VANADIUM HONEYCOMB CAT ALYST FOR THE CASSETTE REACTOR
V L Vantchunne, A. N Kabanov, AV, Bespalov, V.S, Beskov

DI Mendeleyev. Umverszty of | Chemzcal 7 echnology of Russia
Miusskaya 8q.9, 125047 Moscow, Russia
E—m_azl Kabanov_Alexandr@mall ruv =

. The technology of preparmg the vanadlum honeycomb catalyst is developed by usmg the -

' tage of the prehmmary fomlatlon of the contact carrier based on aerosil or white ashes, The
| mouldmg_mass composition is following: matrix, petrolatum, oiem acid with ratio as,60.16.1. _

The Vaﬁadiﬂm,honeycomb ceitalystwas_eXtruded as héxagonal pfism with square thio—: '

: walled (0.3 —0.4 mm) channels (2 x 2 mm). The free surface of the prepared catélyst is about -
of70%. ' i ’ | |

- Thermal treatment was camed out by the gradual temperature augmentation up to 900-

950 °C. Specimens of the prepared catalyst were kept under thlS temperature for 2- 3 hours.

The contact carrier was modified.

Characteristics of the vanadium honeycomb catalyst are given in table 1.

‘Table 1

’ ' ' ) o | Mechanical Sp'eciﬁc‘
Contact car- | Content of the active | Activity under stan-
S ’ R durability, surface,
rier- constituent % MASS. | dard conditions, % SR )
: ' MPA M/G
V305 K0 -420°C 485°C
Aerosil | 544 | 56l | 302 | 848 14 | 136
White ashes | 6,51 633 | 324 | 861 | 16 10,7

- The vanadium honeycomb catalyst was tested n the pilot cassette reactor. Thxs reactor :
worked under adlabatlc conditions. The gas warmed up to 440 °C was conveyed into the pﬂot
cassette reactor. The gas consumptlon was 5-35 nm?/h. The squur dioxide concentration was
9,5 — 10,5 % vol. The dust concentration in the gas reached 0.07 — 0.09 g/om’. The gas was |

conveyed into the reactor by an inj”ector under the pressure of 6 atm.
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The results of the tests of the vanadlum honeycomb catalyst in the pllot cassette reactor

are glven in table 2.

Table 2

Gas rate, ms S 135 | 1,68 | 2,02 | 236 | 269 350 |56
Contact,time,sf ’ 3  0,'54_ 0,43 0,36 .0,31-’ 0,27 O,,21 0,13’

‘Degree of oxidation (calculated), % | 69,0 | 62,0 | 55.3 [450 [37,0 |260 | 150

| Degree of oxidation (experimental), % | 50,0 | 47,5 450 | 40,5 [33,0 |22.5 | 115

Comparison of the obtained data on the vanadium honeycomb' catalyst in the pilot cas-
sette reactor thh the same mdlces of the vanadium catalyst of the 1rregu1ar layer shows the

~ advantages of the first one.
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OXIDATION OF DUSTED SULFUR DIOXIDE IN THE CASSETTE REACT()R :
A N. Kabanov, AV, Bespalov, V.I Vantchurine, V S Beskov

D 1 Mendeleyev Umverszty of Chemical Technology of Russia. :
: Miusskaya 8q. 9, 125047 Moscow, Russia ‘
E-mail: Kabanov_Alexandr@mailru -

B T he caskétte reacion and fixedbed renetdr with the irregula_r catalyst layer tﬁl.tering reac-
tor) were tested in industrial conditions in production of sulfuric acid. Sulfur droxide is cata-
lytically oxidized to sulfur trioxide. The content of sulfur dioxide is rich in the dust.

~ The main indices of the work are the pressure drop and the degree of sulfur dioxide oxi-
dation. The change of the sulfur dloxrde concentration was deterrnmed in cross-section of the
cassette experrmentally and by simulation. | |

Geometrical parameters of the pilot cassette reactor were the following: the'len‘gth of the
casSette' — 600 mm the width of the ca'ssette ~ 50 mm, the distanee between the cassettes 30 °
mm. The cassettes were filled with grained catalyst IC-1-4, diameter of granules — 5 mm and
length 10-15 mm. :

- The rate for the both reactors was about 0 38 nrn/s The concentration of the suspended
ashes particles in sulfur dioxide was measured by the method of the i 1nner filtration (0.07 — 0.1
g/m®) and sulfur dioxide concentration — by Reich method (9-10 % vol.)

The 10ng~tenn test haveprodved nuUMerous advantages of the pilot cassette reactor over the
filtering reactor. First, the initial pressure .drop for the ‘ca'ssette reactor is much lower than that
for the filtering reactor. Seeond; the pressure drop for the cassette reactor does not change.
Third, d_ust sedimentation does' not take place in the cassette reactor. |

‘The distribution of the sulfur dioxide concentration was simulated. The main equation of -

the proposed model is given

pyde pdie ., - o 1y

 The boundary conditions are the following:
x :~Q0'(the center cassette ): dc/dx ='0;v’ |
X = X, (surface of the cassette): = Cor o | (2) |
where ¢ and ¢, - initial SOz concentratron and cu